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For monatomic sulfur gas the only other contri- 


1. Introduction ' —- 
from the electronic excitation Che 


bution is 
ilation of the thermodynami properties electronic funetions were calculated by direct 
er of simple gaseous sulfur-containing 
has been carried out as a part of the | and 
rogram on the compilation of tables of | the conversion 
Values of Chemical Thermodynamic Prop- | Only the five 
data on a large number of inorganic | 5,000°K 
pounds had been critically evaluated by 
ev in 1936 [1] Since that date, sufficient TABLE | 
mation has been reported in the literature 
it a reevaluation and recalculation of the 
of gaseous monatomic and diatomic 


summation of the energy levels, using term values 
multiplicities (table 1) from Moore [4] and 
factor 1 em 2.85851 cal/mole 
lowest levels are significant below 


lfur monoxide, sulfur dioxide, sulfur tri- 
d hydrogen sulfide 

ilculations are divided into two parts 
ilation of the thermodynamic functions, 
T, (H H,)/T,S°, (H H,), and C), for 
ous molecules in the ideal gaseous state; 
selection of “best”? values for the heats of 
n of the various compounds 


For diatomic sulfur gas the rotational and vibra- 
tional constants selected by Herzberg 15] for the 
isotopic S}* molecule were corrected to the naturally 


2 Units occurring isotopic mixture using the relations 
given by Herzberg 6] 


lorie used in these calculations is the thermo- 

calorie, defined as 4.1840 abs j The —=—9 

mstant R is taken as 1.98719 cal/mole °K \ mu 
itomic weights used are H, 1.0080; O, 16.0000; 
2.066 [2]. The standard states chosen for the 
nts are O, (g), H. (g), both in the ideal gas frequency, 4 &. # Boye 
at l-atm pressure, and S (c, rhombic). As is reduced mass. These corrected values, w,=724.62 
tomary, nuclear spin and isotopic mixing con- em”! and z,w,—2.844 em™!, were used to calculate 
approximate thermodynamic functions, assuming a 


ns to the entropy and free-energy functions 
' rigid rotator of symmetry number 2 and an inde- 


and 


Ww 


is the fundamental equilibrium vibrational 


where w, 
the anharmonicity constant, and yw the 


en omitted , 
pendent harmonic oscillator of frequency w,—2z,a,. 
. . In the rigid rotator calculation the equations given 
Calculation of the Thermodynamic Func- _— nese —s oe ee 
: by Wagman et al. [3] were used The harmonic 
tions oscillator calculations were carried out, using the 
ry ansiat le i} wy tables of the Planck-Einstein functions calculated by 
he translational contributions to the free-energy | Johnston, Savedoff, and Belzer [7]. The triplet 
F°—H,)/T: the heat-content function, fas Matte } 
H?)/7T- ; ,' go. 1] : jer OO electronic ground state required the addition of 
; re: 2 ¢ Oe Baas capac, ’ | Rin 3 to the entropy and — RF In 3 to the free-energy 
ilculated for all the molecules, using the tone ' . 
ms given by Wagman et al. [3] ss 
hs given Db g i \?}- Corrections for rotational stretching, vibrational 
anharmonicity, and rotational-vibrational interaction 
f sulfur, Ss, Ss, and Ss, are not included in this | Were calculated by using the second-order expansions 
ata on 5, and Ss are not available; indeed the | given by Mayer and Mayer [8] at 300, 500, 1,000, 
” ve most recer ‘ . - . 
of the | 1,500, and 2,000°K; values at intermediate tempera- 
tures were obtained by graphical interpolation. At 


wckets indicate the literature referen give ut the end of 


lymeric forms of s 
ssary molecular d 

which has been assumed in the interpretation 
easurements [53], is still unproved, Dr jeorge Guthrie 
es, Bartlesville, Okla., ha t ympleted calculati« 


namic functions of gaseous 
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1.500 K these corrections amounted to 0.03 
cal/mole °K for the free-energy function, 0.04 for the 
heat-content function, and 0.09 for the heat capacity. 

For sulfur monoxide gas the rotational and vibra- 
taken from Herzberg [5] were 
composition to give the con- 
1123.09 em™' and za 6.109 em~', which 
the rigid rotator-harmonic oscillator 
The triplet ground state required the 
addition of Rin 3 to the entropy and Rin 3 to 
the free-energy function. Anharmonicity and 
stretching corrections were evaluated as for diatomic 
sulfur At l 500 kK these were 

0.02, and 0.05 cal/mole °K for the free-energy 
function, heat-content function, and capacity, 
respectively 

For sulfur dioxide gas, the produ t of the moments 
of inertia was taken as the average of the microwave 
measurements of Dailey, Golden, and Wilson [9], 
who obtained 106.403 10 gem’ Sirvetz 10], 
107.007 “ 10 g’em®, and Crable and Smith [11], 
106.996 10 grom This product of the moments 
106.80 * 10 g’em®, and the vibrational 
Herzberg [12] were used in a 
oscillator calculation As 
the available data do not permit the calculation of 
the anharmonicities, these were estimated from the 
relation, based on the data for sulfur monoxide, 
X 0.003 (yy +s where .\,, is the anharmonicity 
arising from the interaction of the two fundamental 
frequencies »,; and 3 13 These were used to 
correct the rigid rotator-harmonic oscillator calcula- 
tion by the method developed by Stockmayer, Kav- 
anagh, and Mickley [13]. In this treatment the 
vibrational levels of a molecule with nondegenerate 
fundamental frequencies are taken as 


tional constants 


corrected for Iso tople 
stants w 
were used in 
calculation 


vas corrections 


heat 


of inertia 
frequen ies given by 
rigid rotator-harmonic 


* =~ Sy 
he — = afl 


where vy, are the observed fundamentals, in em~',r; are 
quantum numbers, and X,, are the anharmonicities, 
incm™', as calculated above. If the anharmonicities 
are considered to be small, their contribution to the 
boltzmann factor can be expanded and the vibra- 
tional partition function Q, readily summed: 


[tg 


dv I,|1 


where 
hev /kT 
2N,Acik Te" 
X, Aclk T(e" 1)| 

This expression is equivalent to ’.., where - is 

the partition function for a barmonic oscillator with 


frequencies »;, and Q. is the partition function con- 
taining the anharmonicities. (©, may then be written 


as 
@ 


From this the correction to the free-ens 
is given by —F./T=RInQ.. Differentiat 
spect to T gives the corrections to the I 
function, (7./T=RT(d\inQ./dT), and th 
itv, C.=Rd(T*d\inQ./dT)/dT. In this 
tions to the free energy function, heat e 
toon, and heat capacity (amounting to 
and 0.23 cal/mole °K at 1,500°K, respect 
calculated at 300°, 500°, 1,000°, and 1.50 
mediate values were interpolated graphic: 

The value 59.29 cal/mole °K for the 
298.16 °K may be compared with 59.24 
obtained from the low-temperature , 
data of Giauque and Stephenson [15] 

In the case of sulfur trioxide gas, the re« 
lations of Stockmayer, Kavanagh, and M 
were checked and converted to the valu 
fundamental constants used in this paper 

For hvdrogen sulfide vas, the rigid rotate 
monic oscillator calculations and corrections. | 
in the same way as for sulfur dioxide, w 
upon the recent complete vibrational analysis 
Allen, Cross, and King [16], which gives the ap! 
monicity terms. Moments of inertia wer 
from the work of Allen, Cross, and Wilsor 
Grady, Cross, and King [18], and Hainer ar 
[19] and corrected to approximate 
values by comparison with water vapor. 1] 
gave a product J/,/,/, equal to 49.2510 
A stretching correction, insignificant in the cas 
the other polyatomic molecules, was applied 
using the method of Wilson [20]. The correct 
to the rigid rotator-harmonic oscillator at 1,501 
were 0.06, 0.08, and 0.22 cal/mole °K fo: 
free-energy function, heat-content function 
heat capacity 

The calculated value of the entropy at 298.1' 
49.17 cal/mole °K, may be compared with the \ 
[14] 49.11 0.10 obtained from the low 
ature calorimetric data of Clusius and Frank 
and Giauque and Blue [22| 

To correct values of A//f° and AF? between 0 
and 298.16 °K, it was necessary to know the t! 
modynamic functions at the latter temperatur 
crystalline rhombic sulfur. These were obtained 
graphical integration of the heat-capacity data 
Eastman and McGavock [23] as follows 


dk 


equi 


raBLe 2 Thermodynamic functions for 8 (c, rhor 


208.16° K 


cal/ mole cal mole 


A 
4. ONE 4. 097 
532 ‘. 544 


5. 401 5. 412 


4. Selection of the ‘Best’’ Values for the 
Heats of Formation 


The 


of formation of sulfur dioxide gas 
based upon the combustion measurements of Eck- 
man and Rossini [24], who burned excess sulfur 1! 


heat 


142 





conditions precluding the formation of 
Their data, when corrected for the 
f sulfur, give for the selected value 


rhombic) +O 
70.947 +-0.050 keal/mole 


combustion measurements at constant 
Thomsen [26], which vield Alo. 
50 keal/mole, confirm this value. Berthe- 
in two sets of combustions at constant 
ng two different analytical techniques, 
He. 69.46 1.00 keal/mole. The 
an [29], who obtained heats of combustion 
high oxygen pressures, give AlTxg , 
S Kf al mole 
ie for the heat of formation of hydrogen 
s based upon a) the heat of combustion 
. sulfide gas obtained by Zeumer and Roth 
vy Thomsen [26], together with the value for 
if formation of SO, (g) selected above and 
vater given by Rossini et al. [25]; (b) the 
ction of H.S (g) with a solution of iodine in 
ivdriodic acid [26], combined with the ap- 


calorimetric measurements of Roth and coworkers 
41-43] through a series of reactions involving the 
heat of solution of liquid sulfur trioxide in water 
42), the heat of solution of gaseous sulfur dioxide 
in aqueous hydrogen peroxide [41], the heat of 
decomposition of hydrogen peroxide [41], the heat 
of dilution of sulfuric acid [25, 42], and the heat of 
vaporization of sulfur trioxide [25] 

As the best value a weighted average Was taken 


values of the heats of formation given in 
to give 


al.; and (c), the heat of reaction derived 
quilibrium measurements of Pollitzer [31] S (c, rhombi 3/2 O, (g)=SO 
action of H,S (g) with crystalline iodine to 
ogen iodide gas and rhombic sulfur, together PC!) 94.47 +0.07 keal 
heat of formation of HI (g) given by Rossini 
These resuits, as summarized in table 3, lead to Because of the complex polymerization in sulfur 


vapor below 1,000°K [1, 53], the best value for the 
heat of formation of diatomic sulfur gas is obtained 
from measurements of dissociation of hydrogen 
182 +0.10 kcal/mole sulfide at high temperatures, where sulfur exists 
primarily as S.. Three series of such measurements 
HLS (¢ are available [44, 45, 46]. All were carried out by 
determining the pressure of the hydrogen formed by 
the dissociation of hydrogen sulfide, using a plat- 
inum membrane. In addition, Preuner and Schupp 
[45] measured the increase in total pressure of a 
small sample of H.S when heated in a sealed bulb; 
these results give a A//, differing less than 0.02 
keal from the over-all average. Combination of the 
equilibrium constants calculated from these meas- 
urements with the appropriate free-energy functions 
[32] gives the values for the heat of dissociation 


S (ec, rhombic) + H, 


r 


ilfur trioxide several sets of high-temperature 
ments of the equilibrium between sulfur di- HS (g) =H, 
sulfur trioxide, and oxygen are available 
vere combined with the appropriate free- | tabulated in table 5 
ry functions [32] and the heat of formation of 
oxide to calculate the values of AH, for the TABLE 5 


280, (g +O, (g 250 


— 


for sulfur trioxide gas given in table 4 
ie of —94.35 +0.12 kcal/mole for the heat a a ES 
. euner mi = upp 
tion of sulfur trioxide gas was obtained from Randall and Bichowsky [4 
in AH given in this section of the paper represent the * The uncertainties given f 
t estimates of the overall uncertainties in the values the measurements 





The weighted average 19.53 0.02 keal, the heat of 
formation of hydrogen sulfide selected previously, and 
the appropriate heat-content functions [32] give the 
heat of formation of diatomic sulfur gas 


28 (c, rhombic 


All 30.84 + 0.15 keal 

The best value for the heat of formation of mona- 
tomic appears to be that derived from 
spectroscopic studies From a study of predissocia- 
17] selected a value of 3.6 electron volts 


sulfur gas 


tion, Olsson 


ev) as an upper limit for the dissociation energy of 


diatomic sulfur gas into normal *P sulfur atoms.‘ 


Considering all such data and by comparison with 
molecules of similar structure Goldfinger, Juene- 
homme and Rosen [48] 1.41 ev for the 
dissociation into one normal *P atom and one ex- 
cited 'D atom Herzberg 5| favored a value of 3.6 
ev or lower for the dissociation into normal atoms, 
and Gaydon [49], after summarizing the evidence, 
assumed that the value of 4.41 ev from predissocia- 
tion Measurements corresponds to the true dissocia- 
tion energy. If the value 4.41 ev 
sociation into one normal atom and one excited 'D 
atom, as favored by Herzberg, then the dissociation 


selected 


is selected as dis- 


energy is 
S. (g)=2S (P) (g 


All, 


0.5 keal 


Partial confirmation of this lower value is furnished 
by high-temperature gas-density measurements. 
Nernst [50], using the Victor-Meyver method at 
1,900 to 2,300 °K, obtained 71+8 keal for A//,: 
von Wartenberg [51] in the same way obtained 754 
10 keal. Using the spectroscopic value of AH7, and 


the value for diatomic sulfur gas 
S (c, rhombic » (2) 


Aes. 14 = 53.54 0.50 keal. 
Additional confirmation is afforded by measurements 
of Bjerrum [52] on the heat of dissociation of hydro- 
gen sulfide gas at 2,900 to 3,200 °K For the dis- 
sociation to monatomic sulfur and diatomic hydrogen 
gases he found A//,=51 15 keal, which leads to a 
value of A/T fos for S (g) of 56 15 keal 
The spectroscopic data on sulfur monoxide gas do 
not lead to a definite value for the dissociation of the 
molecule because of the uncertainty in the energy 
Herzberg [5] 
which leads 
Gaydon [49] 
with a disso- 
SCP), 


states of the dissociation products 
favors dissociation into S('D)+O(P 
to a dissociation energy of 4.001 ev 
assumes dissociation to S('P)+OCP 
ciation energy greater by the difference S('D 
or 5.146 ev (Dissociation into the third simple 
combination of products, S@P)+O(D), appears un- 
likely because of the greater energy differences in- 


* 1 ev/ molecule = 23060.5 cal/mok 

' Since this report was written measurements of the 
by Franklin and Lumpkin [55] and of the dissociation energy De for HS by Por 
ter [56| indicate that the higher value of 4.41 ev for De of Ss is probably the correct 
value. If this value is accepted, the values of AH and AFf® for 8 (ge) will be 
increased by 13.2 keal. with corresponding changes wie K 


heat of formation of HS (¢ 


volved The lower value was selected 

dissociation is apparently of the same t 
of S, and O,. Combining this value wit] 
for gaseous atomic sulfur and oxygen [2 
of formation of sulfur monoxide is calcula 


S(c, rhombic) + 1/20,(¢ 


AH os. 16 = 19.30 +0.50 keal. 

In order to extend the useful range of t! 
the reactions of formation, the values of A// 
above were converted to values based 0 
the standard reference state for sulfur. Th, 
of the heat of formation, A///°; free energy 
tion, AF/°; and logarithm of the equilibrium « 
of formation, log, Af, were then cal 
temperatures up to 1,500° K by the relatio 


AlTf, 
AF, 


AHf,+A(H,—H, 
Allf, + TA|(F° —H, 
logio Af AFf,/4.57567 T 
The values calculated in this manner, as wel 
thermodynamic functions for the six gaseous 1 
cules considered, are given in tables 6 to 12 

As examples of the applications of thes: 
three industrially important reactions were cons 
ered. Figure 1 shows the equilibrium composi! 
obtained when gaseous hydrogen sulfide decom; 
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Ficure 1 Equilibrium com position for a 2H,:5 
1-atmos phe re pressure as a function of te mperat 


The vertical width of a band represents the mole fraction of the 
present 
As indicated in footnote 5, the best value of Do (S:) appears t 
By reasoning as above, the higher value of 5.146 ev appears more 
If this value is accepted, as well as 4.41 ev for De of Sa, the va 
and AFYS° for SO (g) will become more negative by 13.2 keal, with ¢ 
changes in logw K/ 


of SO 
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yressure of l atm. ‘The ordinate gives | at a total pressure of 1 atm Possible side reactions 
tion of each component ; the abscissa considered were 
temperature. The equilibrium com- 
‘btained by first calculating the equili- 
for the reaction 


peratures, using the relation 
K=Ak all were unimportant 

Figure 3 shows the equilibrium composition of 
the vapor obtained from mixing two molecular vol- 
umes of hydrogen sulfide and one of sulfur dioxide 
at a total final pressure of 1 atm. At temperatures 
below about 500° K liquid sulfur separates [1] with 
& corresponding increase in the concentration of 
the water vapor. Side reactions considered, in addi- 
tion to those listed above, were 


s of the free energies of formation given 
paper and in Rossini et al. [32]. The 

ere then used to obtain the equilibrium 

n the usual way. The side reactions 


msidered. After the values for H, and H.O (¢)—OH (¢)+-H 
btained, they were used to calculate the 
ons of the other possible products; in no 
the side reactions significant Of these, only the sulfur polymerization was signifi- 
shows the equilibrium composition ob- cant; for this, the results of Braune, Peter, and Novel- 
gaseous decomposition of sulfur trioxide | ng [53] were used, although their data are not com- 
pletely satisfactory. These results indicate that 


recovery of sulfur from hydrogen sulfide gas by 
partial oxidation should be feasible. 
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ERRATA TO ACCOMPANY RESEARCH PAPER 2350 
(Sept. 1952 NBS Journal of Research) 


In table 10 the values for 0 to 1,500°K should read: 


T°K ouf° \Ff 10816 Kf 


O ave 
295.16 ol. 3 59.597 
300 -86. 367 1. 59.2086 
400 43.469 
500 77.8 34.017 
00 76,08 27.710 
700 23.204 
800 72.5 19.824 
700 70.5 17.196 

1,000 15.094 
1,100 67.3 13.376 
1,200 5 11.9h3 
1,300 3 10.731 
1,400 9.691 
1,500 , 5.793 
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relation of Polarized Light Extinctions With Crystal 


Orientation in 70 Nickel-30 Copper Alloy 
H. C. Vacher 


ng 70 , 
12 er 
of polarized light extinctions 
ired \ comparison 
was the cubic pole 
obtained when a LOO) or 
results indicated that the 
the tendency of the 


cubic planes 


After etchi 
onmentations ot 


eke 
obtained at 1 


near farthest 


111 


the 


plane was 


from 


etch 


l. Introduction 


is work by D. H. Woodard [1]! at the 
Bureau of Standards showed that the 
isotropic Monel, the 70 nickel-30 copper 
; optically anisotropic after the surface had 
lished electrolytically and etched with 
ontrast solution’ [2]. It was noted that 
ns obtained at normal incidence, with 
ed were not uniform over a grain in a 
men that had been deformed plastically as it 
for a grain in an annealed specimen. This 
extinction of individual grains was 
ted as indicating differences in orientation 
from inhomogeneous strain 


nicols, 


iorm 


brilliant contrast of the grains and sharpness 
xtinetions that polarized light 
useful in determining the orientation of 
ial crystals. Accordingly, a study was under- 
order to obtain quantitative data on the 
of extinctions to crystalline orientation 


suggested 


2. Procedures and Results 


grained Monel 
ial ervstals could 


was required that 
be identified easily after 
ral polishing and etching treatments. Suitable 
ens were obtained by subjecting 's- by 8-in 
ps of commercial Monel sheet, 0.1-in. thickness, 
several strain-anneal cycles A cycle consisted of 
ining in tension, 0.6 to 0.8 percent, followed by 
nealing at 1,150° C for 16 hrs 
In order to determine whether or not the optical 
sotropy was reproducible, a specimen was photo- 
phed before and after repolishing and reetching, 
care to replace the specimen at the same 
gular setting with respect to the plane of vibration 
repolishing treatment consisted of removing the 
ed surface with fine alumina. Inspection of the 
raphs, figure 1, that the degrees of 
between crystals were in general repro- 
This was confirmed by measurements of the 
tinction positions with respect to a line on 
specimen which had been adjusted so that 
coincided with the direction of vibration of 
ident light. The amount of rotation re- 
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30 copper alloy to 
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ormal incidence 
of the orientations with the positions of the ext 


opt cal ar isotropy pre 


reagent to develop etch pits whose 


produce an 


the 


optically imnisotr 
method, and 
crossed nicols 


netior 


opie surtace the 


the 


were 


yundary 
with 


twin-b« positions 
meas 
s showed that one 
Littl 


parallel to the irtace 


1 by 


surface normal no extinction was 


the 


parallel furrows formed 


nearly Study of 


»bably was cause 


facets were paralle to 


quired to obtain an extinction is designated as @ and 
will be referred to as such in the remainder of the 
paper. Results obtained after two polishing and 
etching treatments are listed in table 1 It can be 
seen that values for @ could be reproduced to } 
The degree of reproducibility was found to produce 
differences in shading equivalent to that shown in 
figure | 


TABLE 1 


The Monel crystals were too small for their orien- 
tations be determined conveniently by X-ray 
diffraction. Inspection of etched surfaces had shown 
many areas in which four first-order twins were 
present. Therefore, it was possible to determine 
the orientations of a cluster of crystals from the 
angles between their twin boundaries 
crystal 1, figure 2, 
crystals 2, 3, 4, 
6. ¥, 


5, 9, 


to 


By choosing 
as the zero order, it followed that 
and 5 were first-order twins, crvstals 
11, and 12 were second-order twins and crystals 
and 10 were third-order twins 

tween the reference boundary 1-3 
boundaries of crystals 1 to 


The angles be- 
and the twin 
12 are given in table 2 


angles 
ed ¢ 


TABLE 2 izimutl 
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Figure 2 ryste entations were 


cause Opposite extinctions differed by 180 
In order to verify the orientation of crystal 
coincidence of the 111-poles of the first- and s 
order twins with the corresponding loci of 
of the observed twin boundaries was determined 
dicated in figure 3. The 111-poles of the first- 
second-order twins were located with the aid of a 
ard stereographic projection, figure 4. This proj 
gives the angular relationships for the 100- and 
poles of a zero order cTy stal and its four first 
twins A 100-pole of the zero order crystal cou 
with the center of the projection. With this 
jection and a Wulff net, it was possible to locats 
100- and 111-poles of the first-order twins for 
orientation of a zero-order crystal. By consid 
a first-order twin as a zero-order crystal, the 
and 111-poles of four second-order twins coul 
located. In this way 100- and 111-poles 
Taking advantage of the well known fact that in | order twinning could be located. The coincide 
face-centered cubic metals, such as Monel, the twin | the 111-poles with corresponding loci of normals 
boundaries are traces of (111) planes and using the | the observed twin boundaries was good, ther 
procedure described by Barrett [3], the orientation of | checking the orientation assigned to crystal ! 
crystal 1 was determined, figure 3. This procedure After determination of the orientations of erys' 
gave two solutions either of which would correspond | 1 to 12, their four extinction positions were measu! 
to one of two orientations that would be obtained by | Average ¢ values differed by 90° within the exp 
plotting opposite poles on the same projection plane; | mental error; therefore, they were adjusted 


however, the twin-trace method could be used be- the difference would be 90°. Crystals 1, 2 
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Standard stereograpl 


{wins 


f crystal 0 


sharp extinctions, there fore 7) values were 
obtain than for crystals 4, 5, 6,7, 8, and 12, 
tinctions were less sharp. The values of @ 
rvystal are listed in table 3, together with the 


coordinates of the cubic poles 


The lati- 
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tude, 6, is referred to the polished surface and the 
azimuth, ¥, to the 1-3 twin boundary. The small 
differences in brightness during a 360° rotation for 
crystals 9 and 10, made it impossible to obtain 
reproducible @ values. Therefore, no values ar 


listed in table 3 





In order to determine if there was a correlation 
between extinctions and crystal orientation, the 
data for extinctions and orientations were plotted as 
shown in figure For convenience in comparing 
differences between @ and wy, the four extinctions 
were represented as mutually perpendicular merid- 
Then for each crystal, the 100-pole making 


1ans 


the smallest angle with the polished surface was 
plotted, using the nearest extinction as the fiducial 


line. The 110-pole nearest the surface normal also 
was plotted. Inspection of figure 5 shows that the 
100- and 110-poles of crystals 1, 2, 3, and 11, which 
have the sharpest extinctions, were near an extinction 
meridian and the surface normal, respectively. The 
results also show that if the 110-pole is displaced 
from the surface normal, then the reference extinction 
will be displaced to the opposite side of the 100-pole 
nearest the plane of the surface These data are 
not sufficient to justify the statement of quantitative 
relationships, but it appears that there is a definite 
correlation between the orientation of a crystal and 
the location of the extinctions 

The surface normal of crystal 9, which gave poor 
extinctions, was nearly parallel to a cubie plane 
The crystallographic orientations of the surface 
normal for crystals 7 and 10 were nearly the same 
and near a lll-pole. However, the extinctions of 
crystal 10 were less sharp than those of crystal 7. 
There was no apparent explanation for this incon- 
sistency in the results. In general, the following 
could be stated: Sharp extinctions indicated that the 
surface was nearly parallel to a (110) plane. Very 
poor extinctions indicated that the polished surface 
was nearly parallel to either a (100 a (111) plane 


or 


3. Discussion 


Recent reviews by Mott and Haines [4] and by 
Perryman [5] show that polarized light has been 
used in many investigations to reveal the poly- 
crystalline nature of metals. In only a few 
(6, 7] was it demonstrated that polarized light could 
be used to obtain quantitative information on the 
orientation of crystals. The results in this paper 
show a correlation between extinctions and crystal 
orientation. Knowing the orientation, it is possible 
to locate the extinctions with a fair degree of accuracy 
and conversely a cubic pole can be located near one 
of the four extinctions. It is believed that further 
investigation will show that an empirical relationship 
can be worked out that will permit orientation of 
individual crystals in a polycrystalline metal to be 
determined more readily than is now possible, par- 
ticularly by combining polarized light data with 
twin-boundary relationships or incomplete X-ray 
diffraction data. 

In the earlier work [1] it was suggested that the 
optical anisotropy of the etched Monel surfaces was 
caused by an anisotropic film. Considering the 
work of Jones [8], Perryman and Lack [9], and the 
results described in this paper, it appears that the 
optical anisotropy can be explained equally well on 
the basis of the “ridged, or furrowed, structure” 
observed by Jones. 


Cases 


Jones observed striations on etched 
certain metals that extinguished in po 
at normal incidence when the striations 
or perpendicular to the vibration dire: 
polarizer, the anlyzer being in the cross 
In additional experiments with ordina 
oblique incidence, Jones observed two b 
tions in a plane normal to the surface 
striations. The normals to the reflect 
differed by approximately 90 Models 
from metal plates to simulate right-ang 
The models gave similar extinctions w 
nicols These led to the 
that the optical anisotropy was caused 
rowed structure that was formed by the a 
etching reagents 

Perryman and Lack deposited a silver fily 
thickness, on a surface on Monel that 
prepared in a manner similar to that used 
work and found that the optical anisotropy 
destroyed. This experiment was 
aluminum specimen, the surface of which had 
anodized by a procedure developed by Hor 
Pearson [10]. The same result was obtained 
ilar films, deposited on suitably prepared su 
on anisotropic cadmium and zine specimens ol 
ated the optical anisotropy. They concluded 
these results that the optical anisotropy 
etched Monel and anodized aluminum surfaces 
caused by the shape of the surface contours an 
by the anisotropy of a surface film. Hon 
Pearson had shown that the anodized 
surface was striated but had concluded that t} 
was anisotropic. 

The results summarized in figure 
agreement between extinctions and meridians 
can be passed through the surface normal an 
poles for orientations approximating the 
This also indicates that the anisotroy 
by a “ridged furrowed structure’ 
described by Jones [9], the sides of the furrows 
parallel to cubic planes whose intersections 
parallel to the surface. This structure satisf 
geometry necessary for a reflection from two su 
to be coincident with the incident beam. Hov 
if etch pits whose facets were parallel to cubic | 
were perfect, the structure described by Jones 
give a coincident double reflection only for o1 
tions in which the surface normal was in a cubic | 
Figure 5 shows that this condition need not bi 
fied in order to obtain sharp extinctions 
absence of data to the contrary, the optical anisot 
of crystals 4, 6, and 12 could be explain 
being due in part to imperfection of the etch p 
in part the fact that the incident beam 
convergent. There is also the possibility of a st: 
film, such as the anodized aluminum surface 
directions of the striations being controlled by 
general shape of the etch pits. As yet no 
evidence has been obtained to verify the presen 
parallel furrows on etched Monel surfaces. 
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repeal ad 


5 show 
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? The crystallographic orientation of the surface normal is denoted 
indices of the plane that is parallel to the surface, immediately be 
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surface is parallel to a (100 


reflection is possible, 


etched 
oineident single 
polarized light Is used, the reflected 
be extinguished by the analy zer This 
sed by Dunsmuir [7] to estimate the 
vstals in silicon tron sheet that approxi- 
that all other 
This assump- 


foregoing results 


100-surface, assuming 
would vive extinctions 
tly is not true, 
orientations approximating the 111- 
do not always show extinctions The 
following experiment also supports this 


as the 


Impressions of a cube corner were made 
ed surface on a stainless steel specimen 

cube diagonal normal to the surface 
ompression. These impressions simulate 
mving facets parallel to cubie planes in 
l11-surface. The impressions did 
extinctions 
irs probable then that the optical aniso- 
he Monel cry stals was caused by impertect 
that combined in such a way that parallel 
vere formed. On this extinctions 
when the furrows were parallel 
dicular to the vibration direction of the 
as is the case with parallel] scratches 


ne a 


basis, 


obtained 


4. Conclusions 


twin-boundary method provides a_ useful 
for determining the orientation of crystals 
ed Monel 

indicate a relationship 
crystal orientation and the extinctions of 
light reflected from the « ry stals 

etched Monel metal 
parallel furrows 


sults qualitative 


optical anisotropy ol 
probably was caused by 


formed by the tendency of the etching reagent to 
develop etch pits whose facets were parallel to cubie 
planes 


a member of the staff of the 
Metallurgical Project, Massachusetts Institute of 
Technology. Cambridge Mass.. cooperated in some 
of the preliminary stages of this work 


D> H. Woodard now 
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\ agnesium-Rich Side of the Magnesium-Zirconium 
Constitution Diagram 
J. H. Schaum and H. C. Burnett 


The magnesium-rich side of the magnesium-zirconium constitution diagran 
studied for the purpose of improving the previous work on this subject \ diagram has 
been developed that is similar in form to that found by previous investigators, but the pl 


has beer 
LAse 
boundaries differ as to temperatures and alloy compositions The peritectic reaction was 
found to take place at 654° C, beginning at 0.58 percent of zirconium 


l. Introduction Recently, G. A. Mellor * of the National Physical 
Laboratory published a magnesium-zirconium dia- 


pid expansion of the aircraft industry gram, figure 2, based on the addition of a “‘chloride- 


ld War II set the pace for the production | Master-alloy’”’ to melts made in ton and magnesia 


of magnesium allovs. Zir- | crucibles. Determining solid solubility by electrical 


cle velopment 
resistivity measurements was hindered by con- 


roved one of the most beneficial of the 
elements used with magnesium. Additions | tamination from atmospheric elements 
0.8 percent of zirconium to magnesium In all of these previous efforts, the inherent 
verv fine grain size (0.02 mm diam difficulties of obtaining accurate and reproducible 
nsensitivity to notches, superior corrosion | results were apparent in the limited data obtained 
high strength. and ease of working and the wide spread of compositions used in deter- 
ndustrial utilization of zirconium in mag- | ™tning the points on the resulting diagrams. Never- 
has proceeded more rapidly than the accum- theless, figures 1 and 2 show that Sauerwald and 
of basic data on the magnesium-zirconium | Mellor are in fair agreement as to the general form 
Siebel! found a peritectic reaction at a | Of the magnesium-rich end of the diagram and differ 
ire close to the melting point of magnesium. | Only in degree 
dus and the peritectic temperatures coin- A comparison ol the fundamental characteristics 
0.26 percent of zirconium, and then the of significance in studying the magnesium-zirconium 
rose very steeply with increase of zirconium | System are summarized in table 1. Since the atomic 
mperatures in the neighborhood of 1,000° C | diameter of magnesium is 3.20 and of zirconium 
whed, at which point the liquidus curved | 3-19 crystal angstroms), the latter may be said to 
ward the horizontal have an almost perfect ‘‘favorable-size factor’ for 
ttny*? and his associates showed an alpha alloying with magnesium. Solid solubility of zirco- 
region with a maximum solubility of 0.87 | Mum in magnesium is also favored by the fact that 
of zirconium at 700° C. Adjacent to this | both elements have a hexagonal-close-packed crystal 
1s a two-phase region containing magnesium- | Structure. However, magnesium is in group II 
lpha solid solution plus zirconium-rich beta with a valence of 2, whereas zirconium is a transition 
solution The structure became entirely | clement in group IV with zero alloying valency 
vhen zirconium exceeded 30.3 weight percent. | AS the valency between solvent, magnesium, and 
ime curves for the beta phase showed a minimum solute metals becomes more unequal, solid solutions 
region of 34.5 weight percent, possibly arising become more restricted Zirconium, therefore, has 
a chemical affinity that forms Mg,Zr, a valence | ®” unfavorable valence for solid solution in mag- 
type of compound analogous to Mg,Si. The 
cy for valence compound formation grew | Tas. ym paris sical constants of magnesium 
r with the increasing solubility of magnesium 
conium. The results of this work are open to 
estion because raw materials containing over 12 
cent of impurities were used 
ierwald* melted magnesium and powdered Aton 
onium in a steel crucible under an atmosphere tee. 
on and determined the diagram shown in stal st 
Solution of iron by the melt affected the me 
sults adversely. By use of solid diffusion tech- —— 
more zirconium was dissolved in the solid Melting poin 
sium than in the liquid Letent heat 
TD Alloying v 
Unpublished work, referred t n The Technology of Magnesium Electrical poten 


, by Adolph Beck p. 77 (F. A. Hughes & Co., Ltd., London, Eng Electrical resis 
Modulus of ¢ 


ad 


vy, E. Wormnes, and A. Mo arnheim, Investigations of Al-Ca, 
Me-Zr: Z. Metalikunde 32, Heft 2, 30-42 (February 1940 

wuerwald, Das Zustandsdiagramm Magnesium-Zirkonium, Z ‘ 4. Mellor, The 
255, Heft 1-3, 212-220 (December 1950 reonium. J. Inst. Met 








nesium. Also, the more unequal thy 
valency factors, the steeper is the slope of t 
and solidus curves, the latter being affect 
A metal of lower valency tends to disso] 
of higher valency more readily than 
This explains the low solubility of zir 
magnesium and the high solubility of mag 
zirconium. Zirconium is unique in that 
only commercially significant transition « 
groups III, IV, V, and VI used in magn 
alloys 
The more electropositive the solvent n 
the more electronegative the solute m 
creater is the tendency to restrict solid solul 
form stable intermetallic compounds. If the go 
atom, zirconium, has a choice of entering solid so 
tion or forming a stable compound, it will form ; 
latter 
Since the solubility of zirconium in magnesiu 
low and increases with temperature, it woul 
expected to manifest age-hardening properties 
Transition elements, such as zirconium, tend to 
form electron compounds, which are actually phases 
with wide ranges of homogeneity (like brass 
contrast to the restricted ranges of general iy 
ZIRCONIUM , ATOMIC PERCENT metallic compounds. For zero valence type 
0.05 0.10 0.15 0.20 ments, such as zirconium, the valency elect 
au 77 — TT concentration will vary from 2.0 to 1.5 when 
atomic percent of solute varies from 0 to 25 perce 
Some doubt appears to exist as to the exact my 
ing point of pure magnesium. The accepted fig 
is 651° C, but competent workers have obtay 
values from 647 to 652° C. This spread is quit 
small compared to the values of 1,750°+700° ( 
reported for the melting point of zirconium 
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Ficgure 1. Magnes zircor i constitution diagram 





2. Experimental Procedures 


2.1. Survey of Raw Materials 





As a preliminary step to actual study of the pha 
diagram, a survey of the purity and alloying cha 
acteristics of the available raw materials was ma 
Table 2 lists the spectrochemical analyses of th 
materials used. Because of the technical difficult 
of removing hafnium from its “Siamese twin 
conium, practically all commercial zirconium 
tains two to four percent of hafnium. Hafnium-f 
zirconium has only recently become available 
quantity. The hardeners, such as 60 percent Zr 
percent Mg and 40 percent Zr-60 percent Mg alloys 
and the proprietary compound, TAM flux,’ contain 
the most impurities. Spectrochemical analyses 
the magnesium-zirconium alloys made from thes 
raw materials showed no discernible increase in 
purities beyond those already present in the co! 
mercially pure magnesium. The highest contents 
of zirconium in the alloys resulted when the hardener 
ul of. iI nail and the flux were used. In subsequent heats tt 
re) 0.2 0.4 0.6 0.8 discovered that the hardeners were very heterogenous 


ZIRCONIUM, WEIGHT PERCENT in composition because they were mechanical mix 
tures of magnesium and zirconium. It was difficult 


TEMPERATURE ,°C 











Fiat RE 2 Magne sium-zirconium constilulion diagram. 


By Mellor [4 ' Contains 50 percent of ZrCl, 25 percent of NaCl, and 25 percent of 
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isions in allovs made with the flux be- 
formation of a large amount of slag and 
onium tetrachloride unsatisfactory 
er ted too readily with the atmosphere 
ffective mn introducing zirconium into 
magnesium because of the violence of 
on. Zirconium hydride floated on the 
the melt, was pvyrophoric, and formed 
slag. Powdered zirconium also oxidized 
Despite its slow rate of solution, the high 
low reactivity of zirconium sheet made it 
ible material for most of the subsequent 


was 


2.2. Melting Techniques 


irse of this investigation various melting 
evaluated and modifications were 
o fit the special requirements unique to 
wram studies. In screening the raw mate- 
cribed in the preceding section, approxi- 
0 ¢ of magnesium were placed in an ingot- 
ble, covered with a graphite lid, and 

means of a 35-kva high-frequency induc- 
we. One percent of zirconium, in the 
iw material forms tested, was added to the 
agnesium at 760° C, superheated to 960° C 
800° C, and poured into a graphite-ingot 


s were 


ise zirconium is so much heavier than mag- 
some heats were stirred with a graphite 
hed to the shaft of an electric motor. This 
proved undesirable because it stirred many 
s into the alloy and tended to emulsify the 
in the magnesium, making a mechanical 
with a highly insoluble zirconium constituent 
tion melting was not used extensively in the 
was difficult to hold melts at 
emperature for long periods of time with 
of melting 
have accurately controlled heating, 
nelting, and holding cycles, an electric resis- 
nace was built Nichrome wire was wound 
}-In.-diameter Alundum tube, coated with 
cement, placed within another larger 
tube, and then packed in diatomaceous 
thermal insulation. Partial on and off 
vere Incorporated into the electrical system 
ise of a variable transformer, slide wire 
s, and an electronic high-speed controller- 
A Chromel-Alumel thermocouple was 
etween the two Alundum tubes, adjacent to 


cause it 


ier to 
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the Nichrome coil, and connected to the controlle: 
Graphite and ingot-iron crucibles, measuring 2‘ in 
in diameter by 8 in. high, were used for melting with- 
out protective atmosphere \ brick of diatomaceous 
earth on top of the furnace tube reduced heat loss 
by radiation 

In order to melt the alloys under a protective 
atmosphere, a steel bomb-type container de- 
signed, as shown in figure 3. A _ 2-in.-diameter 
graphite crucible held the melt in the bomb. Water- 
cooling of the lid and flange protected the rubber 
gasket between them. A tube sheathed the 
Chromel-Alumel thermocouple used in measuring 
melt temperatures and taking cooling curves. An 
inlet pipe was connected to a system of valves and 
that permitted the bomb to be evacuated 
with a vacuum pump and filled with helium. An- 
other opening in the lid was provided for removing 
molten alloy samples 

Limited stirring of melts was effected by attaching 
a mechanical vibrator to the steel thermocouple 
protection tube 
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2.3. Chemical Analysis 
One of the difficulties encountered in studies of 
the magnesium-zirconium system is the tendency for 
zirconium, elemental or combined, to become mechan- 
ically entrapped as an extremely fine colloidal sus- 
pension. Itis necessary, then, to distinguish between 
zirconium in solution in the magnesium and zir- 
conium mechanically suspended as inclusions. Some 
of the disagreement in the results of previous in- 
vestigations may be attributed variation in the 
effectiveness of analytical procedures in distinguish- 
ing between the dissolved and the undissolved 
constituents ef the alloys. The insoluble zirconium 
can be observed in the microstructure but its quanti- 
tative evaluation has required analytical techniques 
involving differential solubility in acid. Hvydro- 
chloric acid, nitric acid, and sulfuric acid of various 
concentrations have been used for this purpose with 


Lo 


varying results and degrees of success. 

The Analytical Chemistry Section of the Bureau 
cooperated by developing the analytical procedure 
used and compared the results with those of other 
investigators. Because the chemical-analysis tech- 
nique is an important factor in the development of 
the diagram, it is given in detail in the Appendix, 
In brief, the magnesium-zirconium alloy 


section 5 


sample was dissolved in 15-percent hydrochloric acid 


and filtered. As only the soluble zirconium con- 
stituent of the alloy dissolved in the acid, the amount 
was determined by precipitating it from the filtrate 
with ammonium phosphate. The insoluble zir- 
conium constituent of the alloy remaining on the 
filter paper was put in solution by fusion with 
potassium bisulfate and sulfuric acid and_ the 
zirconium determined by precipitation the «i- 
ammonium phosphate 

Because of the conflict of opinion concerning the 
best acid and concentration to use for dissolving the 
alloy samples, tests were made in which duplicate 
magnesium-zirconium specimens were treated with 
10-percent HCl, 15-percent HCl, 4.8-percent H,SO,, 
and 11-percent HNO, solutions. The latter three 
acids were all the same normality, that is, 1.7 N 
Soluble and insoluble zirconium were then determined 
according to steps IT and III described in the Appen- 
dix. No significant difference in soluble and in- 
soluble zirconium contents were obtained from the 
different acids or concentrations used in the tests 


abs 


2.4. Electrical Resistance Measurements 


Because the electrical resistance of an alloy changes 
abruptly as melting occurs, this method was used to 
determine both the solidus and liquidus of some of the 
alloys. Electrical resistance specimens were 
made by pouring magnesium, or its alloys with 
zirconium, into a graphite mold containing four 
Nichrome wires inserted at the corner positions. 
Two of these wires carried the current to and from 
the specimen; the other two were used to measure the 
potential drop across it. The specimen was cast as a 
slab measuring | 3/4 in. long, | in. wide, and 3/16 in. 
thick, and was sawed as shown in figure 4. Figure 5 


test 
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Packing arrangement of resistance 


crucible 


Fieure 5 


illustrates the manner in which the resistance gr 
was packed in a graphite crucible, and figure 6's: 
schematic drawing of the electric circuits required 
The crucible and contents were placed in the elect! 

resistance furnace and heated at a rate of 0.5 deg 

per minute. A steady current from a 6-volt battery 
was sent through the specimen, using the wire 
marked I, iigure 4, during the period of the tes 
and the IR drop across the specimen was contini- 
ously recorded with an electric recorder, using ‘) 
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VBS magnesium-zirconium constitution diagram 


rs marked E. The temperature was simultane- 
vy recorded with a second electronic recorder. A 
landard resistance was incorpora‘ed into the circuit 


) standardize the current during the course of an 
\perment and to permit conversion of millivolts 


to ohms when necessary. As the temperature of the 
specimen approached a critical point, temperature 
was measured with a semi-precision potentiometer 
As the temperature increased, the resistance of the 
specimen gradually increased until a sharp increase 
in resistance indicated the beginning of melting 
Careful packing in beryllia held the grid in shape and 
prevented short circuits even when the specimen 
was molten. 


2.5. Suction Sampling 


Previous investigators found that the liquidus 
above the peritectic line had an almost vertical slope 
and consequently precluded the use of cooling curves 
for locating its position. As an alternative, dip 
samples of the molten alloys were analyzed to find the 
solubility limits 

In this project, points on the liquidus were deter- 
mined in the following manner. One hundred grams 
of commercially pure magnesium were charged into 
a graphite crucible with 2 percent of zirconium as 
narrow strips of pure zirconium sheet. After the 
crucible was placed in the steel bomb and sealed, it 
was evacuated and flushed with helium several times 
as the temperature rose and finally held under 
helium pressure of about 5 |b/in When the alloy 
melted, the protection tube was lowered to the bot- 
tom of the crucible so that the thermocouple bead 
was located 14 in. from the bottom of the melt 
This thermocouple was connected to a semiprecision 
potentiometer. Experimental data obtained but 
not included in this paper showed that 3 hr, the 
period for which the alloys were held molten, was 
adequate for the attainment of equilibrium between 
the liquid and the excess zirconium. The access lid 
on the top of the bomb was then slid open and a 
Pyrex glass tube (4-mm inside diam) was immersed 
in the melt to a point opposite the thermocouple 
bead. An alloy sample was quickly sucked out of 
the melt by the action of a rubber suction bulb on 
the other end of the tube. At the moment of 
sampling a temperature reading was made with the 
adjacent thermocouple. The samples obtained in 
this manner were analyzed for total zirconium be- 
cause it was presumed that all the zirconium in the 
melt at the time of sampling would have to be in 
solution. The excess zirconium, not in solution, 
settles to the bottom of the melt because its density 
is 6.4 compared with 1.74 for magnesium. 

An alternative procedure for obtaining suction 
samples proved quite successful and was used for 
locating six of the points shown on the diagram 
(fig. 7). In these heats 300 ¢ of commercially pure 
magnesium were melted in a graphite crucible with 
Dow 310 flux for protection. At 760° C, 6 percent 
of zirconium in the form of the chloride flux was 
stirred into the melt and the alloy held at constant 
temperature for 3 hr. Suction samples were taken, 
as described in the previous technique, at a point 
opposite the thermocouple bead indicating the melt 
temperature. 
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2.6. Heat Treatment 


Determination of points on the solvus are unusu- 
ally difficult the magnesium-zirconium 
alloys comprise a sluggish metastable system, in the 
solfld state. During heating or cooling there is no 
measurable heat of reaction when crossing the solvus 
line and apparently no change in soluble zirconium 
Most of these alloys exist at room temperature with 
from 0.4 to 0.8 percent of zirconium in solid solution 
when theoretically zirconium is practically insoluble 
In Magnesium at room temperature Such pseudo- 
stability indicated the need for lengthy heat treat- 
ments in order to approach true stable equilibrium. 
The heat-treatment time required to reach equl- 
librium probably becomes longer as the temperature 


because 


is lowered 

The stability of the alpha solid solution 
demonstrated by heating alloys, in about one-half 
hour, to within 2 deg of the melting point, followed 
Chemical analysis showed no 
Microscopic 
would 


was 


by water quenching 
change in zirconium in solid solution 
examination revealed grain growth, 
expected 


be 


as 

It was planned originally to follow the progress of 
zirconium solution into, or rejection from, the alpha 
solid solution by observing the change in electrical 
resistance of alloy grids held at constant temperature 
for extended periods of time. The extensive equip- 
ment required for this work (described in a previous 
section) and the long periods of time needed for the 
heat treatments led to the substitution of the follow- 


ing procedure for location of points on the solvus. 
Ingots of different analyses were sectioned and cold 
rolled to a reduction of 25 percent, the purpose of 
the cold-rolling being to reduce the stability of the 
Four small duplicate 
samples were cut from a rolled specimen with high 


zirconium in solid solution 


insoluble zirconium content and 
another four obtained from a specimen with low 
soluble and high insoluble zirconium. Nichrome 
wires were tied to each specimen to facilitate their 
removal at The 
samples were then packed with graphite dust in a 
graphite crucible and placed in an electric resistance 
furnace. Various sets of samples were subjected to 
isothermal heat treatments at temperatures ranging 
from 190 C for periods of 100 to 500 hr. 


At the end of 50- or 100-hr intervals one specimen 
of each analysis was removed from the furnace by 
means of the Nichrome wire and water-quenched. 
These samples were analyzed for the amount of solid 
soluble and insoluble zirconium (as described in Ap- 
pendix) to observe their progress toward reaching 
equilibrium 

Because of the low vaporization point of mag- 
nesium, the alloys were prone to evaporate, even 
below their melting point, given sufficient time. 
Also, a steady conversion of soluble zirconium to the 
insoluble form, with time and temperature, seemed 
to indicate the formation of an inert compound such 
as the carbide, nitride, or oxide. Both of these effects 


soluble and low 


various stages of heat treatment. 


to 635 


were reduced by covering the specimens 
coats of a wash made from a cristobalit 
material. 


3. Results 
3.1. Melting Point of Magnesiu 


The melting point of the basic raw ma 
commercially pure magnesium—was det 
means of inverse-rate cooling curves tak 
melts contained in a graphite crucible. H 
cooling was controlled in the resistance 
give a rate of 2° C per minute. Three | 
cooling cycles indicated the melting point | 

0.2° © The 22 gage Chromel-Alum 
couples used were standardized against thy 
point of NBS Standard Temperature § 

pure aluminum, 659.7° C 

The melting point also was determined by 
the electrical resistance technique describes 
viously. Although less accurate than the 
curve results, the observed melting point 


0.5° C was in good agreement 


3.2. The Liquidus 


Points on the liquidus were determined by a 
ing the total zirconium content of samples rei 
from saturated melts by the suction technic 
scribed in section 2 

The data obtained in 
table 3 and plotted in figure 7. 


as) 


these tests ar 


TARLE 3 Points on the 


The proximity of the solidus and the liquid 
the left of the peritectic line makes it difficult t 
tinguish between them. Although past investiga 
have claimed the location of the liquidus by ar 
on the cooling and heating curves, examinatio 
this portion of the diagram in figure 7 reveals 
the change in heat evolution when 
liquidus is almost imperceptible, whereas the 
evolution at the solidus, as indicated by the ! 
arm principle, is quite marked. 

Electrical resistance measurements proved to 
sufficiently sensitive to differentiate between 
liquidus and solidus. Figure 8 is a plot of the 
perature versus millivolt drop across an elect 
resistance grid made from an alloy containing | 
percent of zirconium in solution. By slowly heat 


crossing 


160 


tom 
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lion between 


ng a magnesiun containing U.42 


” im nm sotut 


grid up to and beyond the melting point it 
ble to observe both the solidus, at 650° C 
liquidus, at 652.5° C 

trapolating a line from the melting point of 
im through this one point on the liquidus to 
with a similar extension of the 
line above the peritecti the beginning of 
tectic line was located at 0.58 percent of zir- 
ind 654° C 


rsection 


3.3. The Solidus 


the heat evolution at the solidus is quite 
thermal analysis was utilized for locating 
tion. Three inverse-rate cooling curves and 


eating curve of melts saturated with zirconium 


rconium sheet) revealed the solidus thermal 
it 650.5 0.5° C. This point is shown on 
directly below the left end of the peritectic 


ectrical resistance experiment, described in 
3.2, located the solidus of a sample containing 
reent of soluble zirconium at 650° C. The 
lete solidus line is located in figure 7 by drawing 
vht line from the melting point of magnesium 


rough the two points noted above and extending 


point of intersection with the horizontal 
9 


line, determined as noted in section 3.2 


3.4. The Solvus 


Points on the solvus were determined by lengthy 
isothermal heat treatments described in section 2.6. 
Table 4 contains data obtained in these experiments, 
and figure 7 shows the solvus line plotted from them. 

Below 400° C the alloys were so stable that no 
change in soluble zirconium took place during the 


PraARLe 4 Com positio eatment 


entire heat treatment and above 500° C results 
were erratic because of the strong tendency for the 
alloys to react with environmental elements. It is 
of interest to note that there was always some in- 
soluble zirconium present in the alloys regardless of 
the temperature or time of heat treatment 


3.5. Other Observations 


The similarity of the lattice constants of mag- 
nesium and zirconium precluded the use of X-ray 


diffraction techniques. However, the two metals do 
differ sufficiently in their X-ray absorption charac- 
teristics to distinguish between them in microradio- 
graphs. A number of microradiographs were made 
but were of no value as an accurate quantitative 
measure of zirconium content. They were of interest, 
however, from a qualitative viewpoint to indicate 
distribution of insoluble zirconium and its com- 
pounds, as may be seen in figure 9A. The specimen 
shown in this microradiograph contained 0.09 
percent of soluble zirconium plus 0.26 percent of 
insoluble zirconium. The dark background is the 
magnesium-zirconium solid solution containing 0.09 
percent of zirconium and the light particles and 
clusters are the 0.26 percent of undissolved or in- 
soluble zirconium 

Brinell-hardness measurements on a series of mag- 
nesium-zirconium alloys showed no correlation with 
total or soluble zirconium content 

Although photomicrographs were of no value in 
indicating the amount of zirconium in solid solution, 
the grain-refining influence of zirconium can be ob- 
served by comparing the grain size of unalloyed 
magnesium, figure 9, B, with that of an alloy contain- 
ing 0.54 percent of zirconium in solution, figure 9, C 
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Ficure 9 Vagne sium-zirconium alloys at 

A, Photomicroradiograph of an ‘‘as cast’’ magnes 
taining 0.09 percent of soluble zirconium and 0.2 
photomicrograph of as cast’ commercially pure t 
crograph of MS Cast magnesium-zirconiun 
soluble and 0.06 percent of insolubk 
ethylene glycol 


um-zirconium alloy con 
percent of inslouble; B 
nagnesium; C, photomi 
alloy containing 0.54 percent of 


reoniun Band C, etched with 


4. Summary 


As a result of the work described it was found that 


the magnesium-rich side of the magnesium-zir- 
conium diagram, shown in figure 7, was similar in 
form to those developed by Sauerwald and Mellor 


The intersection of the liquidus and pe: 
was located between the values report: 
two previous Investigators The peritec 
and the solidus were observed at higher t 
than in the other two diagrams. Loca 
solvus at high temperatures was handicay 
vapor pressure of magnesium and the 

zirconium. Heat treatments below 400° ¢ 
had no effect on the soluble zirconium co; 
the alloys 


In order to distinguish accurat: 
the soluble 


and insoluble zirconium, an 
chemical-analysis technique was develops 
allovs analyzed contained an insolubk 
constituent at room temperature \l 
raphy proved useful for observing the dist 
insoluble zirconium and its compounds 


5. Appendix. Determination of ‘Soluble 
and “Insoluble” Zirconium in 
Magnesium 
R. K. Bell, B. B. Bendigo, ond E. E. Maczkowskie 
1 ReEaGED 


HPO, in about S80 


Ammonium phosphat 
f (NH, 


Hvdroget 


Ammonium nitrate w 


perioxide, 30 per 


asi 

" Pros 
Decomposition of Sampk 
a) Transfer a l-¢ sampk 


approximately 
a 600-m! 


‘ 
beaker and add 300 m1! of hvdrochlorie a 
All the acid should be added at one stroke Wi 
decom posed mmediately filter through a 
ising paper pulp, and wash with hot water 
} Reserve the filtrate, (a 
; . » " he ‘ 
zirconium. Place the paper, (B nict 
zirconium, in a 


contains t 

contains t! 
platinum crucible and reserve 
Il Determination of ‘ 


a) Add 60 ml of sulfuric acid l 1) to 
filtrate \ section 2 I(b), and heat to fumes 
acid. Fume for 5 to 10 min., cool, and dilute to 275 

b Add 1 ml of H.O 30 percent 


and 25 ml of t! 
nium phosphate solution Digest at 40° to 50° ¢ 


or overnight if only a small amount of precipitat 
ec) Cool and add a little paper pulp 
precipitate to settle 


soluble” 


zirconium, 


Stir and a 
Filter through a tight paper 
ing a little paper pulp and wash about 10 times 
NH,NO, wash solution. Discard the filtrate 

d) Place the paper and 
crucible and ignite carefully under good oxidizing « 
until the carbon has been removed. Finally, ignite a 
C for 20 min. Weigh as ZrP,O; 


contents in a weighed } 


% Zr 0.344 X wt of orP 0; in grams . 100 
wt of sample in grams 
II Determination of ‘‘insoluble” zirconium 

a Ignite the reserved paper and contents B 
I(b), at 500° C until the carbon is destroyed ( 
add 2 drops of sulfuric acid (1+ 1) and 5 ml of hyd: 
acid (48 percent Heat cautiously until fuming has 
Cool, and add just enough fused KHSO, to cover th: 
and heat until the melt is clear. Cool, transfer the 
and its lid to a 250-ml beaker, and add 40 mi of 
acid (1+ 1 When the melt has dissolvec, wash a 
the crucible and lid. Dilute to 175 ml 

b) Continue as directed in section 2, II(b) to (d 


WASHINGTON, June 5, 1952. 





, Study of the Diphenylamine Test for Aliphatic 
Nitrocompounds 


Kivi Grebber and J. V. Karabinos* 


A study has be« 
not given by all nitroparaffins 


than previously supposed 


n made of the diphenylamine test for aliphatic nitrocompounds. It is 
However, the test is at least a thousand times more s« 
Structural factors are discussed 


nsitive 


Spectroscopic measurements indicate that the blue color in the diphenylamine test with 


nitrosating agents is similar to that produced by oxidizing agents. It 
and benzidine derivatives 


by colored phenazine 


/ 


reactions involved 1 


is presented 


l. Introduction 


color that has been obtained by the action 
nines, nitrates, nitrites, and aliphatic nitro- 
ls on diphenylamine in sulfuric acid has 
urded [1]! as a specific test for these sub- 
the absence of various oxidizing agents 
) produce a blue color In view of the fact 
tain nitrocompounds did not give this test, 
stigation with pure aliphatic mono- and poly- 
pounds seemed in order 
nature of the blue color 
of investigations by 
inn [4, 5) and their coworkers, 
t the structure of the colored products has been 
te It therefore seemed desirable to obtain 
oscoplc ey idence as to the nature of the colored 


itself has been the 
Wieland [2, 3] and 
but evidence 


2. Experimental Details 


2.1. Reagents and Materials 
Sulfuric acid solution (approximately 29 N) was 
pared by adding 4 volumes of sulfuric 
pproximately 36 NV) to 1 volume of distilled water. 
Diphenylamine reagent was prepared daily by 
dissolving 20 mg of recrystallized diphenylamine in 
ml of warm 29 N sulfuric acid solution. 
Aliphatic nitro compounds, some of which were 
oratory preparations and others commercial prod- 
listed in table 1 
\ Vitrosodiphe nylamine, mp 67 ey 
by nitrosation of diphenylamine [6]. 
letraphenylhydrazine was prepared by oxidizing 
phenylamine with lead dioxide {7} 
{. N.N’-Diphenylbenzidine, mp 238° C, was pre- 
red by rearrangement of tetraphenylhydrazine 
th sulfurie acid [7]. 
\,N’-Diphenyldihydrophenazine, mp 170° C, 
tained by refluxing tetraphenylhydrazine with 


»)) 


acid 


Ss. are 


was ob- 


}- 
i Blockson Chemical Co., Joliet, I 
brackets refer to references at the end of this paper 


ised 


\ possible free radical mechanism for the 


is probably ca 


TABLE 1 Results phatie 


2.2. Performance of the Diphenylamine Test with 
Pure Aliphatic Nitrocompounds 


a. Direct Method 


Ten microliters of liquid or 10 mg of solid nitro- 
compound was dissolved in 10 ml of the sulfuric acid 
solution, and 10 yliters of the resultant solution was 
added to 1 ml of diphenylamine reagent. The test 
tube containing the mixture was maintained in a 
boiling water bath (approximately 98° C) for 1 hr. 
The time required for the appearance of a blue color 
is recorded in table 1. Although a test was regarded 
as negative if no blue color was observed within 1 hr, 
actually in such cases no blue color appeared even 
after 8 hr. With nitrocompounds which give a posi- 
tive test the lower limit of sensitivity seemed to be 
in the neighborhood of 1 ug 
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fron apparatus 


b. Indirect Method 
In tube A of the apparatus, figure 1, was placed 
10 mg of solid or 10 uliters of liquid nitrocom- 
pound and 2 ml of the sulfuric acid solution. Tube 
B contained 2 ml of diphenylamine reagent. The 
apparatus was maintained at 98° C for 1 hr while 
but continuous stream of air was allowed to 
flow through the system. In a blank determination, 
the air did not show oxidizing effects. As before, 
a test was again regarded as negative if no blue 
color was observed in tube B within | hr. The results 
are recorded in table | The test performed in this 
manner required more than 1 mg of nitrocompound. 


a slow 


Isolation of N-Nitrosodiphenylamine formed in 
the Diphenylamine Reaction 


2.3. 


In tube A of the gas-evolution apparatus (fig. 1), 
maintained at 98° C, was placed 500 mg of 2,3- 
dimethyl-2,3-dinitrobutane and 5 ml of the sulfuric 
acid solution. Fifty milligrams of purified diphenyl- 
amine, dissolved in 5 ml of ethanol, was placed in 
tube B, which was surrounded by an ice bath. Air 
was passed through the apparatus at a moderate 
rate for 1 hr. The solution in tube B was diluted 
with water to turbidity and refrigerated overnight. 
The yellow crystals, after recrystallization from pen- 
tane, melted at 66° to 67° C and did not depress the 
melting point of an authentic sample of N-nitro- 
sodiphenylamine (mp 67° C 


2.4. Spectroscopic Study of the Blue Color 


Solutions containing 8 mg of the following sub- 
stances were prepared with 100 ml of diphenylamine 
reagent and allowed to stand overnight at room tem- 
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Fiat RE 2 Some absorption curves 


related to the oridation and nitrosation 


of diphenylamine. 


perature; A, sodium nitrite; B, potassium nitrate: ( 
2,3-dimethyl-2,3-dinitrobutane; D, N-nitrosodiphen- 
vlamine; E, hydrogen peroxide; F, 1,1-dichloro- 
nitropropane; G, sodium chlorate; H, 2-nitropro- 
pane; I, tetraphenylhydrazine; J, N,N’-diphenyl- 
dihydrophenazine+sodium nitrite; K, NN’ 
phenylbenzidine+sodium nitrite; L, J+K (1:1 
Substances D, J, K, and L, however, were dis- 
solved in 29 N sulfuric acid solution containing no 
diphenylamine. The deep-blue solutions that 
sulted were then diluted with the sulfurie acid solu- 
tion to approximately the same relative intensity 
and absorption spectra were determined for eacl 
solution from 320 » to 1,000 » with a Beckm 
spectrophotometer. The absorption curves are pri 
sented in figure 2 


al 


3. Discussion of the Diphenylamine Test 


3.1. Effect of Structure of the Aliphatic Nitrocom 
pounds 


From the results presented in table 1, it is apparen' 
that the aliphatic nitrocompounds may be divide: 
into two general groups (table 2). (1) Nitrocom- 
pounds that have either a single hydrogen atom o! 
three alkyl groups attached to the carbon bearing 
the nitrogroup give a positive reaction. (2) On th 
other hand, primary nitroparaffins, 2,2-dinitro- and 
1,1,1-trinitrocompounds do not give the test. It 1 
interesting to note that halogen apparently bel: 
in this test in the same manner as an alkyl group 
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DIPHENYLBENZIDINE QUINHYDRONE 
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Ficgure 4 I 


ditions. Actual experimental support for the forma- 
tion of nitrous acid or oxides of nitrogen was indi- 
cated by the fact that those nitrocompounds that 
gave a test by the direct method also gave it by the 
: indirect method. Further substantiation was afford- 
explanation for this behavior can be | tN ' lacie ‘—* 
by considering the reaction of nitropar- e¢ ‘4 isolation oO ’ panteapeat A 1p a, agp a 
relatively concentrated sulfuric acid. It the reaction of a og nitroparadiin wae oe 
8] that sulfuric acid adds to the double furic acid, as described in section 2.3 
he aci-form of nitroparaffins (fig. 3) and the 
loses water to form a nitroso derivative, 3.2. Nature of Blue Products Formed 
the case of primary nitroparaffins (A 
enolize to a sulfated hydroxamic acid deriva- In order to ascertain the nature of the blue color 
This, in turn, could hydrolyze through the | derived from diphenylamine, sulfuric acid solutions 
xamie acid to the earboxvlic acid and hydrox- | containing various oxidizing and nitrosating agents 
ne sulfate Hvdroxvlamine not only does not were prepared with this reagent, and spectroscopic 
i positive diphenylamine test, but actually | curves were determined (fig. 2 The absorption 
to mbuibit the formation of the blue color curves obtained after either oxidation B, EK, and G 
analogous series of reactions (fig. 3) one may | or nitrosation (A, C, D, F, and H) of diphenylamine 
that secondary (B) and tertiary (C) nitro- | are quite similar. According to Kehrmann and his 
fins could yield nitrous acid under similar con- | coworkers [4, 5], the blue color obtained by oxidation 
of diphenylamine in sulfuric acid is caused by a 
of the dipheny test for aliphatic quinoidal immonium salt of diphenylbenzidine 
nitro compounds (VIII, fig. 4), in equilibrium with a hypothetical 
substance termed ‘“‘diphenylbenzidine quinhydrone.”’ 
In support of this hypothesis, they succeeded in 
isolating diphenylbenzidine in good yields by the 
zinc-dust reduction of their blue-colored products 
Furthermore, Wieland and Gambarjan [7] were able 
to show that diphenylamine can be oxidized to 
tetraphenylhydrazine, which in turn could be rear- 
ranged in sulfuric acid to N,N’-diphenylbenzidine 
In his earlier work, Wieland |1] had reported the 
isolation of N,N’-diphenyldihydrophenazine (XII, 
fig. 4) from tetraphenylhydrazine in toluene and 
postulated that some such phenazine sulfate deriva- 
tive as represented by formula XIII (fig. 4) may be 
responsible for the blue color in the diphenylamine 
test. Therefore, both N,N’-diphenyldihydrophena- 
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ilkyl, nitro, or halogen 





zine and N,N’-diphenylbenzidine were synthesized. | gen (I]) may displace an orthohydroge; 

After treatment in sulfuric acid solution with sodium | another molecule of diphenylamine, giv 

nitrite, they gave spectral curves J and K, respec- | tive of o- phenylenediamine (X), which 

tively. A mixture of both substances upon treat- | another free radical (XI), may be co; 

ment with nitrite gave a curve, L, quite similar to | N,N’-diphenyldihydrophenazine (XJ 

curves A through H. Thus, it would seem that both The results obtained by Kehrmann a: 

phenazine sulfate and benzidine sulfate derivatives | in conjunction with the spectral curvy: 

may be responsible for the blue color obtained from | herein, seem to indicate that blue-colored 

diphenylamine with either nitrosating or oxidizing | of both phenazine and benzidine are p 

agents. In addition, curve I, obtained for tetra- | volved in the diphenylamine test. The | . 

phenylhydrazine, indicates that this substance also | interpretation is also supported by the fae; 

may be an intermediate in the reaction nitrosodiphenylamine dissolved in sulfuric acid 
A possible explanation for the formation of the blue | a curve similar to those obtained from diphey, 

color is outlined in figure 4. Diphenylamine (1) on | amine upon treatment with oxidizing or nitrosg;; 

treatment with oxidizing agents, such as potassium | agents; hence, nitrosodiphenylamine may}, 

nitrate, hydrogen peroxide, and sodium chlorate, | intermediate when diphenylamine in sulfuric q 

could give the free radical diphenylnitrogen (II), | treated with either sodium nitrite or aliphat 

which could also be obtained from (I) by way of | compounds 

N-nitrosodiphenylamine (III The latter com- 4. References 

pound, which has been isolated previously by the » > tee a tiie tie tne Sh 

action of sodium nitrite and hydrochloric acid on I, 7 oe pence Fd “9 97 (John Wiley a - 

was also obtained from an aliphatic nitrocompound New York. N. Y.. 1916 

in this study (section 2.3) The free radical II, 2) H. Wieland, Ann. 381, 210 (1911 

which is probably in equilibrium with tetraphenyl- | [3] H. Wieland, Ber. deut. chem. Ges. 46, 3296 

hydrazine (IV), may be written as the paraquinoid F 5 ~ a ol 1 St. Micewic 

: - canal d : Xehrmann and St. Micewicz, Ber. deut. cher 

form (V). This latter free radical may displace a 2641 (1912). 

parahydrogen atom of another molecule of dipheny- | [5] F. Kehrmann and G. Roy, Ber. deut. chem 

lamine (1), giving N,N’-diphenylbenzidine (written (1922 


: : mabe, VT) : oc yen }s Wexman, Farm. Chilena 20, 299 (1946 
=> monoquinoid structure VI), which, on further 7] H. Wieland and 8. Gambarjan, Ber. deut 


\ 


oxidation or nitrosation, may be converted by way of 1499 (1906). 

a diquinoid structure VII to a sulfate such as VIII H. B. Hass and E. F. Riley, Chem. Rev 
The formation of a phenazine derivative may be 

explained as follows: The free radical dipheny|nitro- WaAsHINGTON, June 13, 1952. 





nfluence of Prior Strain History on the Tensile Properties 
and Structures of High-Purity Copper 


William D. Jenkins and Thomas G. Digges 


acl 


d, as cold-drawt 


stress-strain curves 
licate 
maximum load 
vith allovs of the fer 
show that the 


prior strain h 


the 


istor 


ecKing cl 


l. Introduction 


e and other properties at room tempera- 
h annealed and cold-drawn high-purity 

determined as a part of the Bureau’s 
estigations of the mechanism of creep 
effects of subzero temperatures on the 
properties of alloys. The 
or of this same lot of copper as annealed 


metals and 
drawn 40-percent reduction in area and 

of low temperatures on the true stress- 
on in tension of the annealed copper have 


publications [1], 2, 3.’] 


ssed in previous 
ce to creep and to fracture at moderately 
ratures was materially by 
ng the copper, but this superiority was ac- 
by a decrease in duc tility The strain 
he copper also affected the degree of dis- 


ff the parent into subsize grains 


rrp increased 


yrains 


le at room temperat 
different 


obtained or 


a strain agi 


I 


rous type thar 


strer 


iracteristics. formation of ero 


prestrained it 


luctivitys 


ire on OX\V 
smmoul creep 
adéo 


ed to 


34-, 


whet 


copper cold-« wi 1O-. ar 
effect in ! 


This pher ome! 


¥ the specimet! 


on of strain agi 
wit! t high-purity 
ot tne 


ite 


yth, ductilitv, and hardness 


The test conditions are corre! 


during creep and the tvpe of fracture However, 
the strength in tension of the annealed copper in- 
creased continuously with a decrease in temperature 
to —320° F without any impairment of its ductility 
The present tests were made to evaluate the effects 
prestraining different amounts in creep under 
tension at 110°, 250°, and 300° F and of cold-draw- 
ing on the tensile properties at temperature 
and on the hardness and structures produced in the 


of 
room 
The straining treatments used 


in tension at room 
table 1 


fractured specimens 
prior testing the specimens 
temperature summarized in 


to 


are 


2. Material and Procedures 


All the specimens were prepared from 13/16- or 
7/8-in. diameter from lot of 
oxygen-free high-conductivity (OFHC) copper con- 
taining 99.99+ percent of copper. The four 


bars processed one 


bars 





used were prot ured inh conditions as follows 
A Bright annealed at SOO F for 1 hi 
1. As annealed 0.025-mm 
grain diameter 
4-percent reduction 
in area 
t0-percent reduction 


average 


2. Cold-drawn 
}. Cold-drawn 
in area 
B. Bright annealed at 1150° F for 50 min (0.045-mm 
average grain diameter 
1. Cold-drawn 70-percent reduction 
in area 

Tensil 0.505 in. in diameter with 2-in 
length 
In addition i 
percent (condition BI 
tory at 1,500 F in air for 1 hi 
an average grain diameter of 
preparing the tensile specimen 
mens prepared from the bars as annealed at 800° F 
and as cold-drawn 40 percent (conditions Al and 3, 
respectively) were strained in creep at various 


temperatures before fracturing them in tension at 


specimens 
prepared from the above bars 
cold-drawn 7{ 


rave wert 


portion of the bar 
was reannealed in the labora- 
thereby producing 
0.120 mm, 
Some tensile spect- 


before 


room temperature, 

The tensile tests were made at room temperature 
at a rate of approximately 1-percent reduction of 
area per minute. A micrometer was used to follow 
the change in diameter of the tensile specimen during 
the testing. Simultaneous observations were made 
of the minimum diameters and loads 

Two flats were prepared approximately 0.2 in. 
apart, diametrically opposite, symmetrical to and 


parallel to the longitudinal axis of the fractured 


Rockwell hardness (F scale, 60-kg¢ load, 
1/16-in.-diameter ball) readings were made at various 
points along the center line of each flat. Specimens 
were also cut from the bar cold-drawn 70 percent 
for use in determinirg the effect of annealing tem- 
perature on its grain size and hardness. 


specimen 


3. Results and Discussion 


3.1. Effect of prestraining on tensile properties 


a. Cold-drawing at room temperature 


The relations between true stress and the total 
true strain * (due to cold-drawing and tension) for 
specimens of copper as annealed and as cold-drawn 
different amounts are shown in figure 1. The true 
stress at the beginning of plastic deformation in 
tension, and the true stress and true strain at maxi- 
mum load increased with an increase in the amount 
of cold-drawing. The values for true stress at the 
beginning of fracture in each specimen as annealed, 
or as cold-drawn 40 or 70 percent, were nearly alike 
but cracking started at a somewhat lower value 
of stress in the specimen cold-drawn only 34 percent. 
However, the total true strain at the beginning of 
fracture of this specimen was about the same as 
that of the specimen as annealed or as cold-drawn 
40 percent. In this series of tests the total strain 


fined as the natural logarithm of the ratio of the initial 
of the specimen to its current minimum cross sectional 


“True strain’’ is de 
cross-sectional area (46 
area (A 


at the beginning of fracture attained 
in the specimen cold-drawn 70 percent 

The observed differences in the relat 
and slopes of the true stress-strain cy 
partly variations in the st) 
during plastic deformation in tension 
to variations in the degree of strain ha 
duced by cold-drawing. For the anneale: 
the deformation was essentially by un 
tension for stresses up to the maximum 
the specimen began to neck at this poi 
deformation was under a triaxial 
This triaxiality results in modifying t] 
of the curve to higher values of stresses 
strains than would have been the case ha: 
tion to complete fracture been under a unix 
system. Similarly, necking began at may 
in each of the cold-drawn specimens and 
deformation was by triaxiality. The eff 
axiality, however, varied with the amount 
working and thereby affected the = st: 
relationship. Furthermore, triaxia 
existed during cold-drawing, and this is a 
that would be expected to decrease the va 
the maximum load. Obviously, s 
strain hardening occurred during cold-drawing 
the capacity of the copper to further strain harde: 
was thereby reduced. 

The effect of cold-drawing on the hardness 
tensile properties of the copper is shown by th 
sults given in figure 2. The yield strength, tens 
strength and hardness increased at a decreasing | 
with an increase in the amount of cold-dray 
The plast ic extension in tension, however, was mat 
ially decreased by cold-drawing, but the magnity 
of the decrease in plastic extension and of the iner 
in hardness were not significantly affected by vary 
the degree of cold-working from 34 to 70 perc 
For example, the plastic extension at maximum | 
did not exceed 1 percent in any of the cold-dray 
specimens but was about 30 percent in the annealed 
specimen. Thus the improvements in th 
and in hardness by cold-drawing the copper w 
accompanied by an impairment in its plastic ex! 
sion in tension at room temperature. 


ascribed to 


stres 


some 


the stress at 


b. Cold-working in creep at different temperatures 


(1) Initially as annealed. The influence of st: 
ing specimens of the annealed copper in creep at 
and 250° F on the true stress—true strain relation 
room temperature is shown by the curves in figur 
The curves for the specimens prestrained in creep ! 
somewhat below that of the annealed 
However, the true stress at maximum load (point \! 
of the annealed copper was increased slightly by pr 
straining 23.1 percent in creep at 250° F and furth 
increased in another specimen strained 39.7 percent 
in creep at 110° F before fracturing in tension 
room temperature. The curves for stresses from th 
maximum load to the beginning of fracture for t 
two specimens prestrained in creep were nearly alik 
but the specimen prestrained at 250° F began to 
fracture at considerably lower stress and strain thas 


specime! 
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prestrained in creep at 110° F 
ed to initiate fracture in the latte 
nly slightly than that of the 
the corresponding total 
noint were nearly alike for the two 
hough the specimen prestrained at 
ned into the third stage of creep the 
that its mode of deformation in ten- 
mperature was similar to that of the 


ren and 


nen: however, straining the specimen 
250° k 
to initiate cracks of submicroscopic 
| these possibly are partly responsible 
ed ductility at temperature 
supported bv the 

metallographic examination of the 
mens In the specimen prestrained 
a) IF, were 


stage ol creep atl was believed 


room 


ons are evidence 


numerous cracks ob- 
gion adjacent to and at some distance 
tion of the specimen irom complete 
2C), whereas in the specimens pre- 
percent at 110 KF, the microcracking 
to the region of complete fracture 
mode of fracture of the latter specimen 


described for an an- 


to that previously 


en {1 
the specimen 25.1 
owered appreciably both the true stress 
n at complete fracture in relation to 
specimens as annealed or as prestrained 
at 110° F 
as annealed and then cold-drawn 40 
The effect of prestraining the cold-drawn 
reep at different temperatures on some 
erties at room temperature is shown in 
lhe strain in creep at moderately elevated 
res resulted in some modification of the 
the true curves at room 
for values of true stresses below 65,000 
this range the curves for the 
ns prestrained in creep fall somewhat below 
the specimen as cold-drawn. At true stresses 
(0 psi, or higher, the true stress-strain curve 
men strained 0.73 percent at 110° F, and 
8 percent at 300° F nearly coincided with that 
specimen as cold-drawn. The values for true 
maximum load, and true stress and strain 
beginning of fracture were also similar for 
two specimens, but the values for stress and 
t complete fracture were lower in the specimen 
iin creep. 


percent in creep at 


stress-strain 


of stresses, 


training a specimen 0.73 percent at 250° F and 
specimen 0.98 percent at 300° F lowered 
the true stresses at maximum load and 

ably decreased the true stresses and strains 
beginning and at complete fracture. The 
ise in stresses and strains at fracture was con- 
Div more pronounced in the specimen pre- 
00° F than in the specimen prestrained 

The values of stress and strain at com- 

re of the former specimen were lower than 
orresponding values at the beginning of fracture 
thelatter specimen. This deterioration, as shown 


in the tensile properties at room temperature, Ls 
believed to be due partly to the initiation of cracks 
of submicroscopic or possibly microscopic dimension 
hig Ld. $ 


Ith creep 


by the presence ol tensile stresses induced 
\loreovet the tendency towards brittle 
fracture was increased by increasing the temperature 
of the creep test from 250° to 300° F and adjusting 
the stresses to produced strain rates of 0.2 to 0.4 
percent/1,000 hr. (figs. 11, D and E 

The true stress-strain curves at small strains of 
the annealed and cold-drawn copper specimens are 
reproduced on an enlarged s ale inh figure 5 The- 
reversal of curvature of the curve for the cold- 
drawn specimen not prestrained in creep indicates 
that an aging effect took place subsequent to the 
cold-drawing operation (fig. 5, <A This initial 
effect is in contrast to the recovery behavior usually 
associated with nonferrous metals such as aluminum 
+] after cold-extending and more 
closely associated with the strain-aging behavior of 
allovs of the ferrous type [5] 
due 


appears to be 


The residual stresses 
and aging of the are 
partly relieved after the specimen has been deformed 
slightly past its maximum load. This 
lowering of the true values over a limited 
range of increasing strains. This effect of aging is 
less pronounced but still present, as is shown by the 
positions of the true stress-strain curves for the two 
cold-drawn specimens prestrained in creep at 250° 
and 300° F to true strains of less than 0.01. The 
relief of the causes of the aging phenomenon appears 
to be more pronounced for the specimen prestrained 
at the higher temperature even though the creep 
strain was slightly less. The true stress-strain values 
for the specimen prestrained in creep at 110° and 
at 300° F to a higher strain value show a pronounced 
recovery characteristic, as evidenced by a decrease 
in true stress values at small strains. This effect, 
however, was followed by rapid strain-hardening in 
contrast to the other two specimens whose rate of 
strain-hardening was approximately equal to that 
of the cold-drawn specimen in the region from the 
inflection range up to a true strain value of about 
0.15. <A relief of internal stress followed by rapid 
strain-hardening is also shown by the position of the 
true stress-strain curve for the annealed specimen 
that was prestrained in creep at 250° F, whereas 
aging appeared to predominate for the specimen 
prestrained in creep at the lower temperature (fig. 5, 
B). The recovery phenomenon associated with 
straining in creep above the temperature that was 
used in the tensile tests is further illustrated by the 
values labeled e,, e, etc. in figure 5. The broken 
lines intersecting the true stress-strain curves at e;, 
are in each case the extrapolation of the 
linear portion of the corresponding true stress-strain 
curve for a specimen prestrained in creep. The 
points €o, €4, &g represent the strains actually obtained 
at the corresponding stress. In spite of the fact 
that the true stress-strain curve was lowered con- 
siderably for the specimens prestrained at 110° and 
300° F to about 0.09 strain (fig. 5, A), the attainment 
of the stress at ei, corresponding to the stress of the 


to cold-drawing coppel 


caused at 


stress 
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took plac eat a much smaller 
similar attainments for the 
other two specimens (e, and e;, and es and e; How- 
ever, prestraining in creep to different strains at 
different temperatures had no appreciable effect on 
the initial recovery characteristics of the annealed 
specimens when the relationships are evaluated by 
A comparison of the properties at small 
stress-strain relationships, 
shown by figures 3 and 4, indicates that the instanta- 
neous strain state of the material does not neces- 
sarily predict the subsequent flow properties. 
Burghoff and Blank [6] extended cold-drawn spec- 
imens of oxygen-free copper in creep at 300° and 
100° F prior to testing in tension at room temperature 
The tensile strength was materially decreased and 
the elongation was increased in specimens initially 


cold-drawn copper al ey, 
change in strain than 


' 
this means 


strains with the true 


cold-drawn 84 percent after exposure of 6,500 hr at 
300° or 400° F, Partial 
or complete recrystallization occurred in the spec- 


with zero or small stresses 


imens exposed at 300° or 400 I° 

Some strain-aging effects, associated with OFHC 
copper have recently been discussed by Lubahn [7]. 
From results of room-temperature tensile tests, inter- 
rupted by various heat treatments, he suggests that 
vield- 


stress, c 


the aging process may be associated with (a 
increase in flow 


point phenomenon b 
and (d) abnormally low rate 


discontinuous vielding 
sensitivity 


3.2. Effect of grain size 


A change from 0.025 to 0.120 mm in the average 
diameter of the grains in the annealed copper fig. 6, 
A and D) caused a decrease in the yield strength 
0.2% offset) from about 11,000 to 6,000 psi, a 
slight lowering of the true stress-strain curve for 
stresses in the region of strain below 0.15, and a de- 
crease in the stess and the strain at the beginning of 
fracture (fig. 7 However, the tensile strength and 
the strain at this stress were not affected by the 


t 


increase in grain size 

The effect of annealing temperature (1 hr at tem- 
perature) on the grain size and hardness of the copper 
cold-drawn 70 percent from an average grain diam- 
eter of 0.045 mm (condition B1), is shown in figure 
8. Increasing the annealing temperature from 800 
to 1,100° F resulted in a slight increase in grain size. 
The size of the grains continued to increase gradually 
as the temperature was further increased to 1,200° F 
and then increased markedly at an annealing tem- 
perature of 1,300°F. This grain growth and recovery 
was accompanied by a corresponding decrease in 
hardness of the recrystallized specimens. 

The features observed in necking and fracturing 
the specimens in tension at room temperature can be 
conveniently classified into three groups, as illustrated 
in figure 10, A, B, and C. All the specimens frac- 
tured at room temperature were of the ductile, or 
fibrous, type, but the values for strain and reduction 
of area varied appreciably with the prior-strain his- 
tory. Roughing of the surface, necking down to 
nearly a point and then fracturing at approximately 
right angles to the longitudinal axis of the specimen 


fig. 10, A) were characteristics of al] 
strained prior to testing in tension at 
ature. Possibly the relatively large ¢ 
uted to the excessive roughing of tl 
the region of the fracture of this pa 
men. The appearance of the surface at 
fracture of the specimens prestrained by 
and in creep 1s represented by the Spe 
in figure 10, C. Some roughening of 
evident in this specimen, but it is con 
pronounced than that of the specimen no 
in creep (fig. 10, A The fractures of th 
specimens were usually in a plane abo 
to the longitudinal axis. No macrocra 
served in the surfaces near complete fra 
specimens shown in fig. 10, A and C, b 
some evidence of their presence in B 
macrocracks were prominent in an initia 
specimen after being strained to complet 
in creep at 300° F (figure 10, D 

An end view of some of the fractured spe 
given in figure 11. The cavities located in thy 
regions and their relative absence near the out 
face support the belief that cracking was 
near the axis and the outer surface was the posi 
final rupture 


3.3. Effect of prestraining on structures 
a. Necking and fracturing characteristics 


Figures 9, 10, and 11 are photographs of si 
the specimens selected as representative of th 
ing and fracture characteristics as affected b 
strain history. As all of the specimens show: 
necking (fig. 9), it is believed that cracking eve 
leading to failure started at the axis of each sp 
and progressed outward, and the final fract 
that of the “rim” at the surface. However 
gree of necking and the magnitude of the ri 

of the specimens were influenced by the a 
rate, and temperature of prestraining. For examp 
an initially annealed specimen prestrained 
cent extension in creep at 110° F developed | 
relatively pronounced neck (fig. 9, B) and rv 
11, A), whereas the specimen cold-drawn 40-p 
reduction of area and then strained in cre¢ p on 
percent at 300° F developed a relatively smal 
fig. 9, F), a small rim (fig. 10, C and fig. 11, E 
fractured in a relatively brittle manner. As 
two specimens were processed from the sam 
copper and tested in tension at room temperat 
the same strain rate, the defference in ductili 
fracture must be attributed to changes brought a 
by the different methods of prestraining 


b. Rim formation and microcracks 


The influence of prestraining on the formats 
microcracks and the flow characteristics at th 
in the region of complete fracture in tension at rd 
temperature is shown by the photomicrographs 
figures 12 and 13. (No microcracks were eviel 
near the surface or axis of the annealed spect! 
not prestrained in creep.) Furthermore, it 
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} a specimen at 110°F into the third 
thout the development of numerous 
ept in the vicinity of complete frac- 
ent fracturing at room temperature 
were not observed in 
n (fig. 12, B) prestrained only into 
ve of creep at a somewhat higher 
50° F However, a general disinteg- 

in two other specimens that were 
50° F into either the second or third 

fig. 12, C and D As previously 

the presence Ol! absence of micro- 
nens fractured solely in creep depended 
al condition of the copper, the creep 
ire, and amount of extension in creep; 


\licrocracks 


creep rates, high temperatures, and 
ount of extension into the third stage 
ed a general disintegration 
few microcracks are evident 
that was cold-drawn 
even when the specimens 
fig. 13, A 
the higher 
grain 


near the 
copper before 
sion (fig. 13 
ned into third stage of creep 
e effect of prestraining at 
fig. 13, B) seems to promote a 
Lt causing a healing of the broken bonds 
and thus a restoration of ductility and 
{ Limited grain fragmentation and 
t of the grains in a wavy manner results 
awing the copper 34-percent reduction 
to testing in tension (fig. 13, C), whereas 
drawing to 70-percent reduction in area 


appeared to result in considerable grain 


on and an increase in tensile strength and 
tility at fracture (fig. 1 


Microcracks and structures at axis 


s at the surface do not ne« essarily reflect 
iracteristics in the interior of these speci- 
the stress systems in these regions are dif- 
owever, as shown in figures 14 and 15, 
ks are evident near the axis of all the speci- 
showed the tendency toward crack forma- 
the surface (figs. 12 and 13 Relatively 
are visible in the annealed specimen pre- 

110° F to a large strain (fig. 14, A) or at 
a small strain (fig. 14, B A number of 

e evident at the axis of the specimen pre- 

creep into the second stage at 250° F 
v creep rate (fig. 14, C) and of another spec- 
trained into the third stage of creep at the 
iperature with a faster creep rate (fig. 14, D) 
the contour of the cracks is different, prob- 
to the different mechanisms of crack nucle- 
eep and subsequent growth in the tensile 


ct of prior straining on the formation of 
s at the axis of the cold-drawn copper is 
figure 15. Some microcracks of elliptical 
vident in specimens not strained in creep 
but these are much smaller than the 
specimen prestrained in creep at 250° F 
strain (fig. 15, B). The type of fracture 


and the shape of the microcracks appear to be af 
fected significantly by raising the creep test tempera- 
ture fig Ld, a without appreciable change in creep 
rate or in plastic strain Straining in creep at a 
higher temperature (300° F) and at a faster rate 
after prestraining at 110° F to a small strain value 
seems to cause an effect that is reflected in the ab- 
sence of microcracks even in the region of complete 
fracture at room temperature (fig. 15, D) 

A further indication of the effects of prior history 
on the internal and the initiation and 
growth of microcracks is shown in figure 16. The 
presence of microcracks in the regions representative 
of structure at the limit of uniform strain (fig. 16, 
A and B, several cracks are enclosed in circles indi- 
that a partial disintegration was evident 
throughout these specimens. As no microcracks 
have been found in anv of the copper specimens 
previously strained into che second stage of creep [1, 
2], it is believed that the conditions for crack forma- 
tion are initiated during the second stage of creep, 
room 


structure 


cates 


and with a continued straining in tension at 
temperature the cracks grow to such a size that the 
flow properties of the copper are affected Repre- 
sentative structure in the unnecked portion of the 
specimens not tested in creep is shown in figure 16, 
C and UO No microcracks were evident in this 
region of either this specimen or of any of the speci- 
mens not prestrained under creep conditions. The 
relative straightness of portions of the twins and the 
difference in orientation between the twins and the 
surrounding material (fig. 16, D) indicate that these 
are annealing twins that were nucleated at a grain 
boundary (lower arrow) and grew toward another 
boundary (upper arrow) of the grains. During 
defermation portions of the annealing twins were 
bent, thus indicating that they are ductile (fig. 16, 


C 
d. Substructures 


The effect of prestraining on the formation of 
substructures is shown in figure 17. Etch patterns 
representative of the initially annealed structure are 
shown in figure 17, A. It has been previously 
pointed out [8] that the size of these substructures 1s 
influenced by the temperature of annealing and that 
the tendency toward formation of substructures of 
smaller size during deformation increased with 
decrease in test temperature and with increase in 
creep rate [1, 2]. However, the latter observations 
were based on tests carried to completion in creep 
tests onlv. The present tests show that the sizes of 
the substructures in the copper were materially 
reduced by testing in tension at room temperature 
only (fig. 17, A and B). - It is also evident that both 
the size and distribution of the substructures are 
affected by the temperature, creep rate, or strain in 
creep prior to the tensile test (figs. 17, C, D, E, and 
F). Both high temperatures and slow strain rates 
appear to increase the tendency toward the forma- 
tion of a large number of these substructures 
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3.4. Effect of prestraining on specimen contour and 
on hardness at room temperature 

The reduction of area to distance 
from the fractured surface and to hardness at room 
temperature, of specimens tested in tension at room 
temperature, as affected by prestraining, is shown 
in figures 1S and 19. The distribution of ductility 
as measured by the reduction of area values along 
the specimen affected by cold- 
drawing the copper prior to testing in tension 
(fig. 18, A) but increasing the amount of cold-draw- 
ing from 34- to 70-percent reduction of area had no 
appreciable effects on the final contour of the surface 
Annealing at 1,300° F appeared 
the original necking characteristics so 
that ihe curve nearly coincided with the curve 
obtained with the specimen annealed at 800° F 
(fig. 18, B However, when specimens cut from 
the latter bar strained in creep before the 
room-temperature tensile test, a more brittle type 
of fracture, as shown by decrease in sharpness of 
the neck (fig. 18, C This tendency 
toward brittle fracture was also evident in the cold- 
drawn specimens after straining in creep (fig. 18, D 


relation of 


wis materially 


of the specimen 


to restore 


were 
was obtained 


and was promoted by an increase in creep tempera- 
ture or by a decrease in creep rate 

The effect of prestraming on the relation between 
temperature and reduction of 
The trend was for the 
increase in reduction of 
area up to values of about 35 percent for the ini- 
tially cold-drawn and 50 percent for the initially 
annealed specimens. Thereafter, the hardness either 
remained constant or decreased with an increase 
in reduction of area. The specimen initially cold- 
drawn 40 percent (fig. 19, A) had numerous cracks 
in the region corresponding to 50-percent reduction 
of area fig. 15, <A Reannealing at 1,300 F 
after cold-drawing 70 percent caused a lowering 
of the hardness, at all strains, to values approxi- 
mately the same as those of the specimen initially 
annealed at 800° F (fig. 19, B The average 
grain diameter of the specimen annealed at 1,300° F 
was about five times that of the specimen annealed 
at 800° F (0.120 and .025 mm, respectively). Strain- 
ing in creep at 110° F to an extension of 19 percent 
had no appreciable effect in lowering the hardness- 
reduction of area curve of the initially annealed 
specimens (fig. 19, C However, the relative 
positions of the hardness-reduction of area curves 
and the peak-hardness values were altered by 
straining in creep at higher temperatures or to 
higher strain values (fig. 19, C and D). Several 
factors, such as differences in the stress systems, size 
and distribution of the microcracks and substruc- 
tures, appear to influence the hardness values of 
the copper. 


hardness at room 


area is shown tin figure 19 
with 


hardness to increase 


4. Summary 


Tensile tests were made at room temperature on 
OFHC copper initially as annealed, as cold-drawn, 
and as prestrained under creep conditions. Micro- 


scopic examinations and hardness t 
at room temperature to ascertain th 
prior thermal-strain history on thy 
hardness. 

Yield strength, tensile strength, in 
true stress at maximum load, increased 
in prestraining by cold-drawing; this 
the strength and hardness properties 
panied by a decrease in ductility at n 
and at fracture. 

The general trend was for a decreas 
fracture and ductility 
straining temperature in creep increas 
creep rate decreased 

Aging, due to prestraining, and r 
evidenced by the shape of the tru 
curves 


stress, stress, 


The degree of necking and the tende1 
formation of a rim at fracture increa 
decrease in prestraining temperature ’ 
increase in prestraining rate. However, th 
cy for recovery, disintegration by microcrac| 
the size of substructure were increased as 
straining temperature was increased Micro 
also was increased by decreasing the pri 
rate in creep. 

An increase 1n VTAIN Size tended to lower 
hardness and yield strength. The temperat 
rate of prestraining materially affect 
hardness 


also 
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FIGURE Representative structures of copper in 


x linal sections etched in equal parts NH.OH and HO, (3° x75 
Annealed at 800°F; 0.025 mm average grain diameter; B, annealed at 800° F, then cold-drawn 34-percent reduction in area; C, annealed at 1,150 
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Figure 11. Ends of copper specimens after fracturing at room temperature 
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Ficure 17 Effect of testing conditions on the structure of copper 
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A D scription of the Arc and Spark Spectra of Rhenium 


William F. Meggers 


For purpose = ¢ 


tion was obtained by 


f chemical identification and of structural analvsis 
accurate description of the atomic emission spectra of rhenium was required 


a more complete and 
Such a desc rip 


using solid metal electrodes of rhenium in conventional arcs or sparks 


photographing the sper tra with the aid of large sper trographs containing concave gratings 


and measuring the wavelengths of spectral lines relative to 
intensities were carefully estimated for all lines 
fesults are prese! ted for approximate ly 6.000 lines 
ultraviolet to 


Relative 
lines were measured 


trum of ron 
of many broad 


ranging in wavelength from 2000.47 A in the 


secondary standards in the spec 
and the total widths 


11788.9 A in the infrared \ 


comparison of the estimated intensities in are and spark spectrograms provides a separation 


of the spectral lines arising fron 
atoms 


Re m spectrum by nearly 1,800 lines. 


l. Introduction 


im is the last stable element to be discovered 

earth’s crust Since its discovery in 1925, 

n has been found to possess many remarkable 

es. For example, its high melting point 

() is exceeded only by those of carbon and 

n; its density 20.5) is next to those of 

iridium, and platinum. The metal is very 

ind can be rolled or drawn only at red heat. 

ned with various other metals rhenium forms 

that are extremely resistant to acids and 

at high temperatures in air. Alloyed with 

im or rhodium and paired with pure platinum, 

m or palladium, thermocouples are formed 

ive four times greater thermoelectric forces 

the common couples of noble metals, and are 

and useful to nearly 1,900° C. In high 

even at high temperatures, rhenium shows 

lination to sputter and is therefore ideal for 

ents of incandescent lamps and vacuum tubes. 

epositing rhenium upon metals or glass, optical 

rors of high permanance and reflectance are 

luced 

The terrestrial abundance of rhenium (0.001 g/ton 

sabout the same as that of rhodium or iridium, and 

rent price ($2.00/g) is than that of 

latinum and only a third that of iridium. The 

otal annual production of rhenium metal is now 

uly some hundreds of pounds, but its remarkable 

properties insure increased concentration and exten- 

sive future application in and industry. 

When this wonder metal common in 

metallurgy, it will be desirable to have for spectro- 

hemical determination, a satisfactory description 

ts optical spectra. Furthermore, the spectra of 

im atoms and ions exhibit some unusual 

tures that lead to interesting information con- 

ng atomic structure, electronic binding forces, 

| properties of atomic nuclei. To supply descrip- 

tions of the are and spark spectra of rhenium that 

vill be adequate for spectrochemical analysis and for 

tural analyses of the first two spectra is the 
ose of the present paper. 


less 


science 


becomes 


neutral rhenium atoms from those 
In this description the Rei spectrum is represented by about 


originating in ionized 
200 lines and the 


The principal proof of discovery of rhenium by 
Noddack, Tacke, and Berg [1]! was the observation 
of five Réntgen radiations with wavelengths ranging 
from 1.216 to 1.430 A The first reference to the 
optical spectra of rhenium was made in 1928 by 
Noddack {2}, who reported “we know at present 
several hundred lines which certainly belong to 
rhenium ' The optical last lines of rhenium, 
especially the triplet at 3640 A permit its identifica- 
tion in concentrations down to 107? This first 
numerical value contains two transposed figures; it 
should read 3460 A. 

In 1931, preliminary data for the are spectrum of 
rhenium were published by Meidinger [3], by Schober 
and Birke [4], and by Meggers [5]. Meidinger [3] 
observed the spectrum of rhenium powder in a d-c 
arc between carbon electrodes. The interval between 
2600 and 3500 A was photographed with a quartz 
prism spectrograph and the interval 4040 to 5300 A 
with a glass prism spectrograph, the reciprocal 
dispersions for the longer waves being 25 and 30 
A/mm, respectively. The wavelengths of 229 lines 
were given to five figures “for spectrochemical 
purposes”, and intensities of weak, medium, or 
strong were assigned to the lines. 

Schober and Birke [4] reported the wavelengths 
(3108.94 to 6441.28 A) of 31 strong lines of rhenium 
on the Rowland scale and stated that 3452.02 (5), 
3460.61 (5), and 3464.87 (5) were the last lines to 
disappear when salt solutions of rhenium were 
diluted. Schober [6] then published a description of 
“the are spectrum of rhenium in the photographic 
range’, giving wavelengths (2391.60 to 6494.15 A) 
of about 400 lines, and estimated relative intensities 
(1 to 100). These data were obtained from concave 
grating spectrograms with reciprocal dispersion of 
4 A/mm, the source being a carbon are with rhenium 
solution added to the anode. This work was repeated 
with copper instead of carbon electrodes and reported 
in three papers [7], which give for more than 2,000 
rhenium lines wavelengths ranging from 2405.14 
to 7641.20 A, intensities from 1 to 1000, and line 


Numbers in brackets refer to 





widths from 0.1 to 1.0 A. In the region of short 
waves Schober’s lists are a mixture of Ret and Rew 
spectra without any means of distinguishing them. 

A preliminary report on the optical spectra of 
rhenium by Meggers [5] announced observations of 
arc and spark spectra, hyperfine structure, and the 
first atomic energy levels and spectral terms for 
Rer. More details given in a paper on the 
are spectrum of rhenium [8], which presented 2,200 
wavelengths (2500.59 to 8797.6 A), 115 atomic 
energy levels, and approximately 500 classified 
lines. Because the data on rhenium spark spectra 
were less complete, they were withheld. That list 
of rhenium are lines, obtained with crystals of pure 
potassium perrhenate on silver electrodes in a d-c 
9] to longer waves (10639.44 A 
emulsions 


were 


arc, was extended 
in 1933, when new 
became available 

A statement in 1931 by Schober [10] that among 60 
strong rhenium lines, 24, including the 3. strong 
ultraviolet lines and 2 green ones, coincide with the 
Fraunhofer spectrum was contradicted by Moore 
and Meggers |11], who found that the accordance 
of solar and laboratory wavelengths of strong 
rhenium lines does not exact or real 
when the hyperfine components of these lines are 
These hyperfine-structure 
first to be reported for 
rhenium Almost identical measurements for 3 
rhenium lines were independently made by King 
{12}, who observed 19 low-level lines of Ret in a 
earbon-tube furnace containing metallic rhenium at 
a temperature near 2,800° C. The striking hyper- 
fine structure of certain rhenium spectral lines was 
and interpreted by Meggers, King, 
and Bacher [13], by Gremmer and Ritschl [14], by 
Sommer and Karlson [15], by Zeeman, Gisolf, and 
deBruin [16], and finally by Schiler and Korsching 
[17]; all agreed that the two isotopes of rhenium, 
with masses 185 and 187, possess nuclear moments 
of 5/2 (h/2x). The last [17] measured the 
magnetic moments, electric-quadrupole moment, and 
isotope shifts characteristic of rhenium isotopes 

Additional measurements of wavelengths in are 
and spark spectra of rhenium appear in the MIT 
Wavelength Tables [18] where data for 2256 lines 
are given, partly new and the rest quoted from other 
published tables. Employing the MIT data, Klinken- 
berg [19] extended the analysis of the Rer spectrum 
to include approximately 1600 lines as combinations 
of 221 atomic energy levels. An extension of the 
Retr analysis was independently made by Velasco 
[20], but further progress in this direction is greatly 
handicapped by the inadequacy of the published 
data for rhenium spectra. The paucity and poor 
quality of published data for spark lines have 
frustrated earlier attempts to establish and analyze 
Rem spectrum of singly ionized rhenium atoms. 
Except for the paper by Zeeman, Gisolf and deBruin 
[16], which describes the partially resolved Zeeman 
patterns of three Retr lines (3452, 3460, 3464 A), no 
further details of the Zeeman Effect in rhenium have 
been published. All these deficiencies have recently 


infrared sensitive 


appear to be 


taken into account 
measurements were the 


investigated 


also 


been removed, and a preliminary annow 
rhenium magnetic splitting factors and of 
ture of the Rew spectrum has 

Meggers, Catalin, and Velasco [21]. 

In concluding this review of contrib 
information regarding the spectra of rheniu 
tion is called to the beautiful photogra!| 
of are and spark spectra of rhenium pri 
Gatterer [22]. Six 40 ¢m prints show 
spectra of the rhenium are from 2156.71 to 6 
and six similar prints reproduce the prismat 
of the rhenium spark from 2091.50 to 6250 
table accompanying this Atlas gives the way 
of 232 of the stronger are and spark lines of 
with intensities ranging from 1 to 10. 

All previous observations of rhenium spectra \ 
made with electric sparks between « 
carbon, silver, or copper electrodes to which samp 
of rhenium were added either in the form of soluti: 
salts, or metal powder. Under these conditions 
practically impossible to produce complete desi 
tions of the spectra because bands due to carb 
compounds or lines characteristic of silver or cop, 
will mask a certain number of rhenium lines’ 
falsify the wavelengths and intensities of ( 
blended with electrode lines. The present obser 
tions of rhenium spectra are justified by the following 
facts: They were made mainly with solid metal 
electrodes of pure rhenium, thus avoiding confus 
on account of coincidence with other spectral lines 
they were extended to shorter and to longer waves | 
using new types of photographic emulsions; th 
were made with generally higher spectrograph 
dispersion and resolving power than the first observa- 
tions; and they are based on juxtaposed are and spa: 
spectra that provide the first useful identifications o 
Ret and Rew spectra. In_ short, the present 
observations have more than doubled the previous 
number of real rhenium lines and have provided 
homogenous material of increased accuracy in wave- 
lengths and relative intensities to meet the futur 
needs of spectrochemistry and the search for atomy 
energy levels as derived from analyses of optica 
spectra. 


been 


ares Ol 


2. Experimental Details 


Most of the new data for rhenium spectra pre- 
sented in this paper were obtained from ares ot 
sparks between electrodes of commercial rheniun 
metal. The electrodes were made by pressing 
rhenium metal powder in a Dietert hydraulic press 
developed especially for compacting metal powders 
filings, borings, turnings, etc. into cylindrical rods for 
spectroscopic electrodes. The cylindrical electrodes 
were approximately 6 mm in diameter and 10 mn 
long. These solid cylinders of rhenium were pinched 
in slotted copper or brass rods, which served as ar 
or spark electrode holders. 

The are spectra were excited in a d-e are with an 
applied potential of 220 v and a current of 6 to 10 
amp. The spark spectra were obtained with a high- 
voltage condensed discharge from mica condensers of 
0.006 — uf capacity connected to the secondary coil of 





rated at 30,000 v when the primary 
to the 120-v a-c power line 
ctrograms were made with 
itings of about 22 ft radius of curvature, 
verform stigmatically as described by 
Burns [23]. Three mountings of this 
ype were available, containing respec- 
ratings with 30,000, 15,000, 7.500 
first is used primarily to photograph 
he ultraviolet visible, the 
sible and near infrared, and the third for 
tra only 
ctrographs and the 
h is given in table 


concave 


or 


and second 


Further information concern- 
photographic plates 
1 


pl plates 


spectrogra pt a if photogra 


ording Re 


933 observation [9] of the infrared are 

of Re, Eastman plates I R and 1 P 
h a Rowland grating having 20,000 lines/in 
Xenocvanine”’ plates were with the 

grating, 7,500 lines/in. These combina- 
found, were hard to and 
these spectral ranges were reobserved with 


were 
used 


was surpass, 
es and gratings, very little was added to 
ng data in those ranges. However, some 
lines of longer wavelength were recorded 
/Z, plates, which were not available in 1933 
|Z plates were hypersensitized immediately 
se by bathing them in a 2- to 5-percent solu- 
ammonia in water. They were then rinsed 

hol and dried with moving warm air 
durations of exposure required for recording 
w spark spectra under different conditions were 
rmined by estimation and _ trial, that the 
uund continuum imposed the limit. The 
times for the Re are ranged from a few 
n the ultraviolet 5 hr in the infrared. 
the spark spectra were recorded in times 
ging from a few minutes to 2 hr. Between the 
ts 2000 and 6800 A, the are and spark spectra 
Re were photographed either side by side with 
comparison spectra flanking each or the are 
| spark spectra were recorded respectively above 
below a center strip showing the iron spectrum 

ts standard wavelengths 

\n effort was made to match the are and spark 
tra, especially in the ultraviolet, so that most of 
lines appearing in the are spectrogram were 
orded with almost equal intensity in the spark 
ram. Under these conditions all lines ap- 
iring only, or with greater intensity, in the spark 
trograms may safely be assumed to originate in 


sO 


to 


tr 
CLTo 


atoms, whereas the others belong 

Although some spark lines are 
enhanced more than the stronger ones are 
generally found also on the are spectrograms, and 
thfere is no cood reason to believe that anv rhenium 
lines reported here belong to doubly ionized rhenium 


ionized rhenium 
to neutral atoms 
others, 


atoms 

Because the spark spectra above about 6000 A 
contained no new enhanced lines relative to the 
are spectra, spark excitation was omitted for waves 
longer than 6500 A In photographing the red and 
infrared spectrum (6500 12000 A) the was 
imaged on the spectrograph slits through deep-red 
glass filters, which transmit only waves longer than 
6500 A, and one or two narrow strips of the iron are 
to furnish standard 
were always taken 


to are 


spectrum were superimposed 
wavelengths. These standards 
from the same spectral order as the rhenium waves 
to be measured, except beyond 8800 A to 12000 A 
where iron standards were taken from the second o1 
third spectral orders and multiplied respectively by 
two or three 

The rhenium spectrograms were measured with 
large comparator made by the Gaertner Scienti.. 
Corporation. The screw has a length of 50 em and 
the scales permit direct reading of linear distances to 
lu Every rhenium spectral line retained in the 
final list was observed and measured at least twice 
and of them were four five 
spectrograms. In all, approximately 20,000 readings 
of linear distances between images of rhenium and 


many measured on ol 


of standard iron lines were recorded and each obser- 
vation of a rhenium line was accompanied by an 
estimated intensity. The final values of rhenium 
wavelengths and relative intensities are averages of 
the individual observations. When the average 
deviation of individual values of wavelength from 
their mean is 0.005 A or less, the final value is given 
to three decimals, and if the average deviation is 
greater than 0.005 A, the final value is rounded off 
to the nearest second decimal 

In reviewing the earlier work on rhenium spectra, 
reference was made to the hyperfine complexity of 
some of its lines. When these spectra are observed 
with high dispersion and resolving power, it 1s at 
once obvious that a majority of Rei and Re 1 lines 
are more or less wide and complex. Even with the 
average gratings used in this investigation several 
dozen rhenium lines were completely resolved, 
usually into six components, and many hundreds of 
lines were either partially resolved or shaded to 
indicate intensity degradation either to shorter (s) 
or to longer (1) waves In most cases, the observed 
wavelengths of rhenium represent values obtained 
by bisecting their slit images, except that when the 
complex line appeared to be more than 0.1 A wide 
the edges were measured and thus both width and 
mean wavelength were recorded. In the observed 
infrared some rhenium lines have widths exceeding 
2 angstroms, or 2 wave numbers. The details of 
rhenium hyperfine structure are omitted here because 
they are not accurate enough for nuclear: physics 
and are not of vital importance either in industrial 
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spectrochemistry or in structural analysis of these | the much more extensive observational! 
spectra included spectral lines due to impurities 

It mav be remarked, however, that because of the | of resolved hyperfine structure, lin 
relatively coarse hyperfine structure in the strongest | belonging to molecular spectra, lines o| 
spectral lines of rhenium, the sensitivity of spectral | once, and lines arising from overlapp 
detection is low compared with that of otherwise | orders 
comparable metals having narrower lines. A com- Because the rhenium metal used in ¢] 
plication for spectrum analysis arises from the fact | tion was extremely pure, the identifica 
that many rhenium lines appear to have hyperfine | moval of spectral lines due to impurit 
structures deviating from the usual “flag pattern” | difficult; the total number of such lines 
of regular decrement of spacing and intensity. It is | 30. Only the stronger lines of commo) 
often difficult to decide if close pairs or irregular | nants appeared, as follows: B (2497.7 
groups of rhenium lines are in fact separate lines or | (2506.89 A), Ca (3933.66, 3968.47 A), M 
components of complex lines. Some of these doubts 2802.70, 2852.12 A), Al (3944.03. 396] 
may be resolved in establishing further atomic energy (3247.74, 3273.96 A), Ag (3280.68, 3382.89 
levels of rhenium from analyses of optical spectra | (3683.47, 4057.81, 10290.6, 10499.1 A), ¢ 
without regard to hyperfine structure $274.80, 4289.72 A), and Na (5889.95 

The conspicuous hyperfine structures in rhenium | 8183.29, 8194.82, 11403.9 A). In the y 
spectra not only complicate the determination of | trum a few lines of Cu (5105.54, 5153.22 
wavelengths but also affect the estimation of relative | A) and Zn (4680.15, 4722.17, 4810.53 A 
intensities of the lines. Usually such estimated | served, but these are believed to arise from 
relative intensities depend on the widths as well as | flashes of the are to the brass holders of rhe 
the densities of the photographic images, and when | electrodes rather than from the rhenium. Thy 
the widths are greatly increased by hyperfine struc- | other impurity deserving mention is _potass 
ture, there is a tendency to overestimate intensities (7664.91, 7698.98, 11690.3, 11769.6, 11772.9 
In the present work a conscious effort was made to | which indicates that the rhenium metal was prob 
discount the contribution of hyperfine width to | prepared from potassium perrhenate. The prese; 
intensity, but it mav not be entirely eliminated | of the above-mentioned impurity lines provic 

A final difficulty in describing the are and spark | reliable check on the scale of wavelengths fo 
spectra of rhenium arises from a strong background | rhenium lines. In nearly every case the measured 
that is continuous throughout the spectrum on fully | wavelength of the impurity line agreed with 
exposed spectrograms, and in the visible and infra- | accepted value [18] within +0.01 A 
red regions has superimposed on it the coarse rotation As stated before, the hyperfine structure of seve: 
structure of molecular spectra, presumably of | dozen rhenium lines was resolved into two to six 
rhenium oxide. This background imposes a limit | components, but the wavelengths of the individua 
on the detection of faint lines, and the molecular | components are omitted from table 2, where only 
lines are often blended with the atomic lines. The | mean wavelength and over-all width of flag patterns 
molecular lines were not intentionally measured, | isshown. There is some evidence of irregular hyp 
but band heads were included when they were obvious | fine structures and mutilated multiplets in rher 
or unmistakable; these are marked # in the list of | spectra, and such cases as appear in table 2 ma 
lines, revealed in future analyses of these spectra 

Several hundred lines of low intensity 
3. Results 


measured but not included in table 2 because so 
The results of this investigation are presented in 


were recorded only once, and the remainder, mau 
9 . in the visible and infrared, were suspected of belong 
table 2, where the measured wavelengths (in ang- } 
ing to molecular compounds. A few lines publis! 
stroms) of rhenium spectral lines (column 1) are | ; 
aaa ony as 7 in earlier papers were not confirmed as atom 
followed by estimated relative intensities in are and “+? 
: 1 : rhenium lines, and most of those now appear to |x 
spark spectra. The intensity numbers range from 
: _. 1... | parts of molecular bands. 
1 to 10000; they are accompanied in many cases by ; 
a : Despite the abandonment of many hundreds o 
letters and other numbers. The letters accompany- , ' a ——>r 
es 7 . : lines observed in the are and spark spectra o 
ing intensities impart additional information con- . e 
aia rhenium, table 2 contains more than twice as man) 
cerning the lines; they have the meaning adopted | ,. 
’ "3 94) | lines as have heretofore been published. It should 
by the International Astronomical Union [24] in a , 
; : meet all present requirements for spectrochemistry 
pospecee notation for the description of spectral aid choustunel euniesia of Bot cnaece * 
, and structural analysis of Ret and Ret spectra 
ines as follows: B, band head; ¢, complex (narrow . ', 
fine structure, isotopic or nuclear-spin hyperfine 


between the wavelength limits 2000 and 12000 A 
structure); d, unresolved double (approximate coin- 


cidence of two lines); A, hazy, diffuse, nebulous; 
H, very hazy, diffuse, nebulous; /, shaded or displaced | [1) W. Noddack, I. Tacke and V. Berg, Naturwissens 
to longer waves; s, shaded or displaced to shorter s rag ne , — 
waves: r y self-revers . , = » eal f_ureveare . | - 4 ot dack, 4 lectroc em. d&, O2Y (1LVZS). 
raves; 7, Narrow self reversal; 2, wide self-reversal ; | “Meidinger, Z. Physik 68, 331 (1931). 
wv, W ide; W, very wide. : . Schober and J. Birke, Naturwissenschaften 19, 2 
lable 2 represents a careful selection of data from | (1931). 
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Hydraulic Resistance Effect Upon the 
Dam-Break Functions’ 
Robert F. Dressler 


The dam-break solution, a known centered simple-wave when resistance is neglected, 
= studied with the Chezy resistance formula added to the nonlinear shallow-water equations 
Resistance transforms the wavefront from a characteristic curve into an envelope of charac- 


teristics 


tvpe of region adjacent to the wavefront envelope 
of partial differential equations with variable coefficients 
By studying its characteristic equations, this svstem is 
Except at the tip, resistance raises the water 


for the singularity at the origin 
solved explicitly for the correction functions 
surface and lowers velocities 


is moves downstream 


‘These functions 
straight characteristic lines that map into another set of the same tvpe 
faster for more resistance, and discharas 


The flow near the tip differs from the other parts, due to a distinct boundary-laver 


Then a perturbation leads to a system 
Initial conditions are derived 


possess concurrent 
The critical flow 
rates are reduced The 


no longer simple-waves, 


method fails in the tip layer because the asymptotic expansions for the first derivatives lose 


validity there 
the boundarv-lay 


l. Introduction 


destruction of a dam results in a highly 
flow, with a forward wave (the “‘positive”’ 
vancing over a dry channel, and a back dis- 
the “negative’’ wave) propagating into the 
above the dam. We consider a two- 

ial problem, a horizontal stream bed, with 
no water below the dam and water at rest 
dam. An explicit solution to this problem 

n in 1892 by Ritter [1]! by applying certain 
expressions of Saint Venant [2]. The equa- 


ised were the usual approximate ones involving 


irvature, due to Saint Venant, often called the 


near shallow-water equations 


ih 


0 


problem under consideration possesses genuine 
il significance, not merely for the applications 
dynamiting of dams through military 
for example. the destruction in 1941 by 
engineers of the Dnieprostroy Dam (140 
eh) near Kichkas on the Dnieper River, and 
asional mechanical failure, for example, the 
incis Dam (205 feet high) in California, which 
n 1928 because of defective geologic founda- 
causing the of hundreds of lives and 
property damage, but also for the more 


loss 


mon occurrences, such as the opening of canal 


au 
wstion of the behavior of any wave advancing along 


luice gates and controls at hydroelectric sta- 


The problem is most important, however, 
of the information desired about the basic 


hannel, concerning which very little work has 


n done so far. 
In the case of a wave advancing into still water of 
preciable depth, the problem can be handled by 


ft 


oximating the flow with the discontinuity condi- 
ms of mass, momentum, and energy for a bore. In 


aise, 
forces and rate of change of momentum at the 
ront 


one evaluates the relation between hydro- 


For our present case, however, this is not 
rather, the controlling factor in the propaga- 


iration of this paper was sponsored (in part’. by the Office of Naval 


brackets indicate the literature references at the end of this paper. 


Istimates are made indirectly for the 
er effect becomes predominant 


wavefront velocitv bv observing where 


tion of the wave is the hydraulic resistance caused by 
stream bed friction and turbulence. This effect will 
predominate especially in the shallow front region of 
the flow. For this reason the classical solution of 
Ritter, which neglects resistance, is not realistic. It 
should, therefore, be significant to initiate some study 
on the effects of resistance upon this unsteady flow 
Forchheimer [3] has presented a summary of most 
previous work on the dam-break problem 

The experiments of Schoklitsch [4] indicate that 
actual velocities for the forward wave may be as low 
as 40 percent of the theoretical result given by 
Ritter’s solution without resistance, whereas the 
experimental and theoretical results agree for the tip 
of the negative wave. Thus it is clear that the for- 
ward part of the flow is highly sensitive to hydraulic 
resistance, and it is our present purpose to deduce 
some approximate quantitative information of this 
effect by considering the equations containing the 
resistance term. Experiments of Eguiazaroff [5] 
likewise confirm the above observations; in his report, 
the author remarks about the almost complete 
absence of data concerning the propagation of a wave 
over dry land 

One can determine analytically the exact wave- 
front velocity for the 
where the bottom is inclined below the horizontal 
We will study here, however, only the horizontal case, 
since the resistance predominates over the slope 
effect for the usual small slopes occurring in nature 
Both effects could be handled simultaneously by the 
present approach, but since it is only the resistance 
term that seriously complicates the equations, the 
slope will be ignored 

In 1946 Ré [6] computed, by a finite-difference 
calculation on the characteristic equations, the flow 
to be expected from the destruction of a dam, for one 
specific value of slope and Chezy resistance co- 
efficient. This was done in anticipation of possible 
destruction of a dam at the German-Swiss frontier in 
World War II. Ré’s problem included the presence 
of some water below the dam initially, causing the 
formation of a bore in his solution 


(neglecting resistance case 
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2. The Basic Equations 


We first define the problem in dimensional quan- 


tities (denoted by bars) and then transform immedi- 
ately to dimensionless variables (unbarred). Let } 
denote the height of the dam, and let the horizontal 


direction downstream from the dam be measured by 


7. Upstream the water is at rest until time t=0 
Let 7 be the vertical distance of the water surface 
above the bed and @ the horizontal component of 
velocity Introducing €= 14g, the momentum and 
continuity equations used are 


OS . o@O « ont 
+ i +- De —— + 
Ou 


Ot or 


containing the Chezy resistance term, in which the 
roughness coefficient ? has dimensions of accelera- 
tion. Neglecting resistance, the well-known Ritter 


solution Is 


where /7=~ygY. This defines the parabolic surface 


profile for any fixed ¢, with the negative wave propa- 


gating upstream at velocity —yg}, and the forward 


wave advancing at velocity 2¥gY. This profile 
0 at height 7= (4/9) Y 
with %@=—(2/3) H, giving the constant discharge rate 
Q=i7=(8/27) (H’/g). The tip at ¢=y=0 
has a horizontal tangent at all times, whereas it is 
known experimentally that the wavefront is actually 
vertical 

Transforming to dimensionless 


always intersects the line Zz 


wave 


notation by the 


relations 


c=t/H, 


the equations 


become 


Ou . 
Ou c ~ Ou 


for which the Ritter solution at 2 =0 becomes 











FIGURE Diagram of the Ritter solut 


At the site, z=0, y=4/9, u=2/3, and Q=8/2 
The characteristic equations equivalent 
3), when R=0, are 


da 
dt 


di 
dt 


II .:d(u 
II _:d(u 


defining two families y. and y_ of charact 
curves, along which the corresponding relations g 
above must hold A study of these equations | 
duces the Ritter solution by utilizing the solut 
for the characteristic curves, which are 


mt 


3a~’*t 


where m and a are parameters. The 
through the points (—a, a the y. cu 
are concurrent straight lines through the origi 
the z, ¢ plane, the Ritter solution exemplifies w! 
is now commonly called a ‘“‘centered simple-way: 
This simple-wave interpretation of the dam-b 
solution is discussed in Courant-Friedrichs {7 
Stoker [8]. Figure 2, A, shows the familiar patt 
of characteristics for this solution given by (4), \) 
and (6). Line OB marks the propagation of 
disturbance into the still water, while OF is 
trajectory of the forward wavefront, along w! 
c 0 Therefore by (5) the two characteris 
directions coincide along OF, which must belong 
both the y, and y_ families. This means the s 
tion of (3) with R=0 degenerates from hyperl 
to parabolic type along the boundary defined 
the forward wavefront double characteristic 

As the resistence ? changes from zero to a posit 
value, it will distort all the characteristics | 
the right of OB, as shown qualitatively in figu 


curves 
Since 
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pstream where u=0, 7 







ong a y, curve from 







are now unknow n. 





an 


0 


haracteristic equations for R 0 become 


] da 
dt ul Y 
7 
, a. 
? ( 
dt 
Il . u 2¢ . Rut _ 
g 
II_:c?(u+2c)s Ru*ts, 
roducing characteristic parameters a and 8, which 
v along y, and y_, respectively. Equations (8 


written in simpler notation as 


u 2 
d( 2c R dt, 
IT ,:d(u—2 ( : ) 
9 
u\* 
-d u- 2¢ t it. 
IT _:d(u+-2 R(-)« 
lhe characteristics for this solution in the region of 


In the still-water region 
d y. have slopes dz/dt 


espectively ; hence they become straight lines 
e. Because the disturbance emanating from the 
n will be carried as a derivative discontinuity 
(0. 


. on this curve we still 
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have u=0, c=1, and therefore OB remains straight 
with slope 1. Resistance will decrease the for- 
ward wave velocity, turning the wavefront curve 
OF above the straight line m=2. 

If R has any nonzero value, however small, it is 
seen in (3) that certain terms must become infinite 
at the wavefront, where c=0, to maintain the equal- 


itv. It is experimentally known, or can be seen from 
these equations, that c,->— © at the tip, that is, a 
vertical wavefront is maintained Likewise, 
C,->+ ©, while uw, u,, and uw, remain bounded. This 


singular behavior of these derivatives. will cause 
complications in the subsequent analysis. If the 
variable hydraulic radius were not present in the 
denominator of the resistance term, the entire prob- 
lem would be basically simpler. In a somewhat 
similar way, it is this variable denominator that 
produces instability in a uniform flow and creates 
the possibility of roll-wave formation (see [9] and 
(10].) 

The eq (3) used here are based upon hydrostatic 
pressure (negligible vertical accelerations or stream- 
line curvature), and the question arises concerning 
their validity to describe the flow in the tip region 
With ¢,->— ~, the profile curvature becomes large, 
but the depth of water becomes zero, so that their 
product for the actual flow may stay small. Fried- 
richs [11] has shown that eq (3) apply when this 
product is small, Alternatively , one sees from experi 
ment that the wave tip moves along somewhat like 
a separate mass of nearly fixed shape, with vertical 
accelerations therefore possibly negligible. In any 
case we wish to study the mathematical implica- 
tions of (3) when applied to the dam-break problem 

In order to justify why the characteristic pattern 
should be as shown in figure 2, B, we will consider the 
following argument. Let the wavefront OF be 
defined as the locus, where c=0. It is implicit in the 
basic eq (3) that particles at the tip always remain 
at the tip, hence the velocity, u, evaluated along OF 
must always equal the reciprocal slope dr/dt of the line 
OF. Each of eq (7) is then satisfied by the wave- 
front curve; and at every point of OF, both charac- 
teristic directions ¥ and ¥ coincide with the 
direction of OF. This line cannot be a characteristic 
curve itself, however, since neither of relations (9) 
can hold along OF for any R>0. Therefore, it must 
be an envelope of y, and y_ curves (fig. 2, B Since 
the reflected vy, curves of class ( yk’ cannot intersect 
each other, they must approach some limit line OT 
as O’-O. Three patterns therefore arise: (a) OT 
coincides with OB, (b) OT lies in the interior of 
section BOF, entering O at some intermediate angle 
between OB and OF, (c) OT is interior to BOF and 
enters O at the same angle as OF and OF’’. Case 

c) is shown in figure 2, B, because the following 
discussion indicates that (a) and (b) are not possible. 
We assume that the dam-break functions wu (7, t, R) 
and ¢ (z, t, R) are continuous in R at R=O0 (but not 
necessarily so for their derivatives Then the char- 
acteristic directions given by (7) will be continuous 
in R, and their curves must distort continuously as 
R—O0O 












If we transform to new variables by sz 
t=t*/K with u (z,t se = : p> t™ a7). 
defining a radial stretching centered at the origin 
with constant magnification K, eq (3) transform to 


, du" .dc* [TR 
+ U ot 2¢ -+ - ( 
Ou Ou kK 


* 
a,* OF 
zt - ¢ 


ro ae 


~e (2, 8 ri 


ou* 
or" 
oO 0 
oz" 
These equations are identical (in the starred quan- 
tities) with (3) except for the resistance coefficient 
Hence the effect of letting K— @, A fixed, increasing 
the stretching, is equivalent to the effect on the origi- 
nal quantities when R->0. The characteristic pat- 
tern for R>0 must therefore approach by continuous 
radial stretching the known limit pattern for R=0 
(fig. 2, A This is possible only for case (c The 
limit chracateristic OT can now be used as a definition 
for the beginning of the tip laver TOF and as the 
separation line for this boundary-laver effect. 

To obtain some quantitative results, we let the 
unknown solutions u and ¢ to eq (3) be represented 
as asymptotic expressions of form 


where u°, c° is given by (4 Because of the above 
remarks about 0c/Or and Oc/Of at the wave tip for 
any />0, whereas Oc*/Oz and Oc°/Of stay finite, it 
follows that the derived expansions 0¢/0z2 ~ 0c°/Ozr- 
, and 0¢/Ot ~ dc°/Ot + , cannot remain valid 
in the neighborhood of the wave tip. That is, the 
perturbation procedure based upon (10) becomes 
singular near the line OF, and from this standpoint 
also that type of boundary-layer 
complication must develop there. Therefore these 
calculations, using the correction functions Ul” and 
C’, cannot be applied directly to the wavefront 
layer 
Substituting (10) into (3 
dependent of 2 produce eq (3) with R=0 and their 
solution (4). At the next step, using terms of 
first degree in FR, the equations defining l’(z,1) 
and C(z,t) become, by (4 


we see some 


and equating terms in- 


4. wey _ if, 4h 


tJ} dz °° . t/or 


In order to solve this nonhomogeneo 
with variable coefficients, we will first 
appropriate initial and boundary cond 


then study the associated characteristic eq 


3. Initial and Boundary Conditions | 


At the initial moment of breakage. 
height and the velocity are multivalue: 
This means that the full solution u, ¢ with 
has a singularity at the origin; the low 
approximation u°, ¢°® possesses a singula: 
also. Will there likewise be singularitix 
higher order terms at (0, 0), or is the entire , 
contained in u°, c°? In order to get the proce 
started in his finite-difference calculations 
assumed that the flow could be considered 
as two finite shocks, one positive and one 1 
When our problem is considered as defined 
with R>0, since the velocity starts off 
tinuously with nonzero values, the 
force —R(u/c)*? must become operative 
eously. Although it has already 
that resistance effects on u and ¢ can be ig 
the immediate neighborhood of the origin 
detailed discussion will made now 
behavior of 0” and C there 

Let the limit values be for the 
u, ¢ as We approach the origin along a curve wit 
limiting slope m By (4 


been 


also be 


ws, € 


For example, as we approach 0, O along O] 
fig. 2, A), ec =1; along OF, c°=0; and intermedi: 
values result for an approach within region BO! 
For all such approaches, by (12), uf+2 
through the origin point, consistent with the cl 
acteristic relation d(u°+-2 c°®)=0 for y— im (5). O1 
may consider this origin point to be stretched o 
into a y— characteristic curve, with c° varyi 
continuously from 1 to 0 along this curve from le! 
to right. 

Now going over to the full problem with R 
(fig. 2, B), we likewise consider point O to be stretch 
into the are MN, shown schematically in figur 
Interpreting the curve MNF as a y_ characteris' 
the relation holding along it by (9) is 


R(")at 


d(u+ 2c) 


Hence (13) is applic 


if ce #0; but c=0 only at N. 
This means u 


on MN, along which dt—0. 
constant along MN, and so 


Ui 2Ci 





The characteristics are the same as (6) for u®, ¢ 
fig. 2, A), but now the relations along them are more 
complicated. Relation Il has the right side inde- 
pendent of the unknown, and can therefore be inte- 
grated along the y_ curves, using (6) and (18). The 
resulting integral along y_ becomes 


This equation used with II, of (19) now indicates 
how to solve explicitly for 0” and C as follows 

If we move out from the origin along a straight 

y. characteristic, the value of ¢ at an intersection 

with a y_— curve emanating from (—a, a) must be 

proportional to a. This is immediately seen since 

the equations for the two curves can be written in 
the form (r/a)=m (t/a) and (r/a)=2(t/a)—3(t/a 

Now by (20), the quantity ((’+-2(C)/a is a function 

: of t/a, which is constant along each y, ray There- 

ng MN along my T+ Cove, fore, [ 2(’ is also proportional to a along the ray, 

da and so (’+-2(' must be proportional to¢ there. Next 

dt we observe in the II, relation of (19) that (’—2¢C 

‘he solution of (14 5 would likewise be proportional to t along a y, ray if 

the term (4/3¢ ( [ were a constant there; then 

each of the quantities (7 and C would separately be 

proportional to ¢. But this would then be sufficient 

to make (4/3t)(C—U") constant as required. There- 

16) fore the solutions (”, ( must actually be linear in ¢ 

along each y, ray, since this will also satisfy the 

lim we obtain condition (17) at the origin. With this information, 

the original system (11) can now be solved explicitly, 

l 0 17) subject to the other boundary condition along OB 

the cdesired conditions on l and (at the We transform to the new independent variables m 








m lim 


This result shows that the resistance effects 


and ¢, putting C(r,t)=C(m,t) and U(2,t)=U (mt 
ain solution can be ignored at the initial Then (11 


) transforms to 


~ 


m ot ol 


T «> 


lations ¢ tt.R l l ttR 0, previ- 

scussed, give the necessary data for (° and 

line OB The use of these with (10) yields om 
( tf 0. / tt 0 18 


4. The Solution for U and C 


‘btain a clue for solving most easily for (” and 
to the conditions just derived, we now ~ 
characteristic equations equivalent to * m ol 6 
, which are om of 


with / Lf 1.4)=0 for condition (18 In- 
troduction of Aim)t and ¢ kim)t leads to the 
system 

dk 

dm 





This possesses the solution for h 


10S 12 


The desired quantities [ (' are then riven by At. kt, 


respectively 

The characteristic eq (19) have thus furnished an 
easy method for obtaining the particular solution 
l’ hs It would have been possible, however, to 
solve the original svstem (11) first for its general 
solution, but with much more difficulty. This 
general solution to 


is 


2 F; LOS 


(Ed, 


oe 
‘bitary functions, 4 is an arbitrary 
2 rit)t- In order to keep the 

the origin, one must select 


ind @ are a 
and 


W ¢s 
i 


where 
constant 
corrections finite at 
V=0 and 6=0 These expressions for the general 
solution indicate in an alternative manner the correct- 
ness of our conditions (17) at the origin, since we 
can now see that no other finite values except l’;=C 
Then conditions (18 
along line OB require the selection ® S$ 13/189 
(2—2/t)**t. The resulting particular solutions are 
seen to be identical with those previously given by 
(2 


0 could be prescribed there 


») 

These particular solutions /’ and C' no longer de- 
fine a centered simple-wave (as for u for which 
the maps of all the z, ¢ characteristics fall on one T 
curve in the u, ¢ plane), but rather define what might 
be called a ‘centered seimilinear wave”. The map 
of its characteristics is shown in figure 4. For these 
solutions it is clear that the y, straight lines in figure 
2, A, must map into a pencil of straight lines IT 
through the origin (fig. 4 The y_ family goes over 
into curves T_ (dotted in fig. 4) also concurrent at 
the origin. The line OB and the origin in the zg, ¢ 
plane map into the single point (0, 0) in the / 
plane. All of the curves remain inside the wedge 
formed by AO (with slope—4) and the negative 
U’ axis 


»~ Cc 


; 
i 


The dam-break solution with first order resistance 


correction ts then 


u(x,t, R 


rte 


Cc 


0 























with A, & defined in (23) and m rit Up to firs 
order terms, the solutions depend only upon 
product tR=o¢. Both h and k have poles at » 
due to the tip effect; the behavior of these functions 
is shown in figure 5. It is seen that resistance causes 
a much greater effect upon the velocity than upor 
or the height, since |A| greatly exceeds k 

For a fixed R, (23) umplies that the valu 
by (24) for u must eventually become negativ 
we go far enough out from the origin along an) 
curve. Thus the asymptotic validity of our series 
weakens with increasing distance from the origin 
the UU, C characteristics diverge further from 
true characteristics of figure 2, B. For all nun 
results presented here, the calculations hav: 
restricted arbitrarily to a region comprising | Ss | 
one-third the distance to the points where thy 
would indicate a zero value for u 


t} 
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5. Locus of Critical Flow 
l solution, the flow always remains 
where % vay or u c) for all #>0 at 2 0) 
critical flow for 2 0 and supercritical for 
The resistance will distort this critical flow 
lo caleulate it. we denote the locus where 
s(t, R)~S(OR t) R* since 
Using the relation u(s{t, PR], t,R e(sit, R] 
obtain 


(tf, R)O+U (sit, ROR 


s[t, Rt) +- C(sit, ROR 


then expand each function in this identity in a 


i woul J 0) 


Equating terms of first order in 
ting double series gives the result S(? 
{’(0,t)]. The equation of the locus of criti- 
orrect to first order is therefore the parabola 
k(0) —h(0) |RP=0.395RE 26 
shows this locus for various values of R 
xtreme practical limits. We observe that 
cal flow position moves continually down- 
nd the resistance increases the proportion 
tal flow which is subcritical 
‘te parenthetically that this double 
annot be utilized to obtain the locus of the 
because of the tip effect If one desig- 


series 


y— 028/27 
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Figure 7 Discharge rates 


nates by z t.) the locus where c=0, with 2~ 2t 
A(t) R ,and u(2,t,R , one would compute in 


this manner the formal results 
Ait 3tC'(2t, Qr,7r)r dr, 


which are undefined in this case bec ause of the singu- 
larities of l’ and C' along the line r= 2/ 


6. The Discharge Rate 


From the dimensional discharge rate (=U 7 
define (/} 
sionless quantity 
of the dam, 


gIP)C=u ce, the corresponding dimen- 
For the discharge rate at the site 


((0,t, R | 5+! 0.t r|[; LOO. ry], 


after 


which becomes, neglecting terms above first 


order, 


OOAR 0.2390tR 


‘ 


Figure i presents these data for various resistances 


7. Approximations for the Wavefront 


We see from the experimental profiles obtained by 
Schoklitsch [4], converted into dimensionless form 
by Keulegan [12], figure 8, that the dam-break wave 
actually governed by resistance has a vertical slope 
at the tip. As previously here, eq (3 
shows that (¢c,| and |y, infinite when c=0 
In the region where ic large, our 
expansions lose validity and the present method of 
attack breaks down. To handle the tip region 
accurately, some type of boundary-layer technique 
would be necessary. This is being investigated at 
present, but no results are yet available. Figure 9 
illustrates schematically this spearation of the two 
regions, with 7 marking the transition zone. For 
present purposes, this point 7 of transition will be 
described merely as a pot where C, and Y, 
begin to grow large rapidly 


discussed 
become 


begins to grow 
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Fieure 9 


In the absence of any more satisfactory boundary- 
laver results, we will apply the following approxi- 
mate considerations to obtain some data about the 
wavefront. This rough method seems justifiable 
since there appear to be no other theoretical data 
and almost no experimental data available on this 
problem 

We visualize the tip region to be moving some- 
what like a separate entity pushed along by the 
water behind it, and in the tip, vu should be changing 
(increasing) rather slowly toward the front. Hence 
ur could be taken as an approximation for u,y 

Next we make the following approximation for 
ur. The results in (24) are graphed in figures 10 
and 11. Each curve corresponds to a particular 
value of the parameter o=Rt. The ¢ curves, being 
based upon expressions that lose validity toward 
the tip, reach a minimum and then turn upward. 
Analogously, each uw curve attains a maximum. 
Since the true values for ¢ and uv should not increase 
or decrease, respectively, toward the tip, these ex- 
tremal points must lie already in the tip region 
As estimates for uy, we will take uy, the maximum 
values of u, indicated by the small circles in figure 
11. Actually the tip region will begin before 


these maximum points are obtained, thus making 
the approximation too high; but if wy is now taken 
as an approximation to up, since ur< up, these effects 
will partly compensate for each other to improve 














Figure 11 


the accuracy of the approximation. In 
the Jocus of maximum points defines a 
a(m Using 0u(m,ac)/Om=0, this relation 


to be 


Using (24), the value uy—ul(m(oe).c) wher 
is the inverse function in (28 Applying this as 
estimate for the wavefront velocity, these va 
are graphed in figure 12 as functions of ¢, with 
as a parameter over the limits of the practical rang 
All the curves must leave the point (2, 0) with 
cal tangents 

To obtain the corresponding estimate for 
trajectory of the wavefront, the velocity eur 
figure 12 are integrated to give the position o 
tip in the x, plane, with R as parameter (fig 

A series of experiments is contemplated her 
the National Hydraulic Laboratory to chee! 
validity of the analysis presented and to investiga! 
in more detail the actual behavior of water particles 
at the tip of a positive wave advancing ove! I 


channel. 


y 
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l. Introduction 





inarv determination of the distribution of 







nergy in the ultraviolet solar spectrum 
Washington, D. C., in 1950 was previously 
2] This work, having shown great 





the instruments and method emploved, 
e attempt to make similar measurements 
vh-altitude station An invitation from 
) H. Menzel to make use of one of the Harvard 
ide stations for this work was opportune 
survey of the expected weather conditions 
ivaillable accommodations at possible high- 
locations, the Climax, Colo. station was 
sen for the month of September 1951 

Climax, Colo. is located on the continental divide 
heart of the Rocky Mountains about 100 
ithwest of Denver. A location at the new 

ory station on Chalk Mountain, about 
of Climax, was assigned the work 
point the altitude is approximately 11,190 
t about 32 percent by pressure, of the 
sphere is below the observer. The longitude 
tude of the station are approximately 106 
W and 39°23'45” N, respectively. Climax 
riginally chosen by the scientific personnel of 
University and the University of Colorado 
ise as a high-altitude observatory for the study 
solar radiation because of its exceptional climatic 
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Ons 
\t the temperatures prevailing within the solar 
the atoms are multiply ionized. Only in the 
ivers of the solar atmosphere, where lower 
peratures prevail, do neutral and singly ionized 
ms occur and also small quantities of a few dia- 
nolecules (for example, NH, OH, CN, 
olar-absorption—Fraunhofer lines—results, 
marily from absorption by hydrogen and by 
and singly ionized atoms of iron, calcium, 









ete 
there- 







m, titanium, chromium, magnesium, and 
ements in the solar atmosphere. 
\ccording to current concepts of nuclear physics 





the solar energy is produced through the trans- 
m of hydrogen into helium within the highly 
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This paper ves the results of some measurements on the ultraviolet and short wave 
ngth visible spectral energy distribution of direct solar radiation, made in September 195! 
it Climax, Colo., altitude 11,190 feet Data are given for wavelengths extending from 535 
200.5 millimicrons for a number of air masses from 0 to 3.0 \ determinatior itmeos 
yheric transmittance as a function of wavelength results in calculated amounts of ozone 
pproximating 0.21 centimeter (n/p) for several days during September This value is 
1 agreement with previous determinatior bv other methods, for the seaso of the year 





central nucleus of the sun. The resulting 


heated 
gamma rays are absorbed by the overlying gas layers, 


transmit the generated energy to 


which gradually 
In general, it probably requires 


the solar surface 
thousands of vears by 
bundle of energy to reach the radiating laver, during 
distribution has been 


this process for a specific 


which time its wavelength 
reduced to that approximating a black body near 
6,000° K At times flares are ejected at terrific 


velocities from lower solar levels of very high tem- 
perature resulting not only in marked changes in 
the radiating surface but in increased emission by 
the flares themselves. According to Dodson [18], 
the emission in these flares is primarily due to atomic 
hvdrogen. In _ the continuous observa- 
tions during a time of excessive activity as 
many as 83 flares, for which the H, intensity was 
estimated to be at least four times the solar back- 
ground, have been observed within a period of 105 
hr [19}. 

The amount and the spectral quality of the solar 
reaching the earth’s surface is also 


course of 


solar 


radiant energy 
affected by absorption of energy by certain vapors, 
within the terrestrial atmosphere 
One of these, ozone, was suspected [4], at an early 
Stage in astrophysics, because of the fact that the 
spectra of all the stars, including the sun, terminated 
at about 300 

The total 


gases, or dust 


Mu 
solar radiant energy slightly 
from time to time. Furthermore, it can be shown 
from Planck’s law that the variations are more 
pronounced in the ultraviolet spectrum. But another 
factor enters the picture; namely, with greater short- 
wavelength intensity more ozone will be produced in 
the upper atmosphere. This results in a lower atmos- 
pheric transmittance within the spectral region of 
300 to 330 mu. Hence, although more ultraviolet 
may be emitted, the amount passing through our 
atmosphere may change but little or actually be 
than 


varies 


normal 


ess 


2. Instruments and Procedure 


The observations on the spectral distribution of 
the radiant energy from the sun at Climax, Colo., 
were made with the same Farrand double quartz- 
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RELATIVE RESPONSE FACTOR 
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prism spectrometer and auxiliary equipment (con- 
sisting of the RCA type 935 phototube, 510-cvcle 
light modulator, tuned amplifier, Ballantine a-c 
vacuum-tube voltmeter, and Leeds & Northrup 
type A Speedomax recorder) as previously employed 
at Washington [1, 2], except that a new type of 
siderostat (designed to follow the sun) developed 
by the Optical Division of the Naval Research 
Laboratory was employed to reflect the sunlight 
into the spectroradiometer 

The entire equipment, except for the siderostat. 
up in a quonset hut with the entrance slit 
of the spectrometer toward the south Through a 
small opening in one of the windows of the building 
a beam of sunlight was reflected through the entrance, 
slit of the spectrometer onto the center of the first 
lithium-fluoride-quartz collimating lens of the 
instrument 

The siderostat simple design, arranged 
so that a primary (plane aluminized) mirror re- 
flected the beam of light along the polar axis of the 
instrument A stationary mirror reflected 
the beam horizontally into the spectrometer. Thus 
each of the mirrors operated at fixed angles relative 
to the light beam during the day. A synchronous 
motor-drive provided for the automatic following 
of the sun during the course of each day’s observa- 
tions 

To assist in the proper alinement of the sidero- 
stat and spectrometer and to reduce the amount 
of sky radiation entering the spectroradiometer to 
a very low value, diaphragms equivalent to about 
2- by 4-in. openings were placed at approximately 
2 ft and 5 ft from the entrance slit of the spectrometer 
These, together with the relatively extensive dis- 
tance (about 8 ft) between the primary siderostat 
mirror (approximately 2 by 4 in.) and the spectro- 
radiometer aided in keeping the solar beam on the 
optical axis of the instrument 

In accordance with the procedure in the previous 
work [1], no lens or mirror was employed to produce 
an image of the sun on the entrance slit of the spec- 
trometer because an integrated solar energy spec- 
trum was desired Although the spectroradiometer 


was set 


was of 


second 


was not used most efficiently, according 
optical principles, because only a sma 
the total available aperture was employ 
expedient to operate it in this manner t 
variations in light transmittance throu 
cut-off at the edges of some of the opt 

The accurate adjustment and calibrat 
wavelength scale of the instrument was ac: 
through the use of a mercury-are discha 
After being unpacked and installed, each 
the spectrometer was individually ad 
highest energy transmittance, and the co 
was locked-in for best adjustment at the 
105-my emission lines. Wavelength settiy 
instrument were recorded for each of th 
mercury emission lines between 313.2 an 
for application to the recorded data on th: 
on a tungsten-filament-in-quartz lamp, w! 
emploved in the radiant energy evaluations 
Fraunhofer lines lend themselves ideally fo 
wavelength standards in the measurement 
spectral radiant energy. However, no sucl 
are present in the spectrum of the tungsten-t 
in-quartz lamp, so that a precise wavelength , 
tion, together with a system of chart index ) 
was highly advantageous. For this purpos 
index pen on the upper part of the recorder 
provided an automatic method of way g 
identification on the chart records. Index marks 
regular intervals defined specific wavelengths 
that the three sets of data, that for the 
arc, the tungsten-filament-in-quartz lamp, and 
for the sun, were readily compared for wavele: 
and relative spectral intensity. 


The tungsten-filament-in-quartz lamp, manu 
tured by the Westinghouse Electric Corporation a 
described in detail elsewhere [2, 7] was employed 
the spectral radiant energy calibration of the ent 
spectroradiometer, including all the 
electronic parts from the first siderostat mirror 
the recorder. The lamp served beth as a stand: 
for relative spectral intensity and for 
intensity, In Mmicrowatts per square centimeter | 
unit wavelength. This lamp was standardized 
terms of color temperature [8], and its 
radiant energy was evaluated through the applicat 
of published spectral emissivity data on tungsten 
to 12]. The true temperature of 2,805° K, charact 
istic of the radiation from the lamp, determined 
the basis of the observed color temperature tl 


optical 


abso! 


spect! 


and 


emissivity values of tungsten, establishes the spect 
radiant energy distribution for the lamp. 

data on the spectral distrib 
radiant energy from the s 


The reduction of the 
tion of the ultraviolet 
was accomplished in a manner similar to tha 
previously reported ll, 2) Most of the essentia 
data employed in this evaluation are given in tal 
|, illustrating the various steps involved in obtaini 
the instrumental spectral response factors (see fig 

In the present work the entrance and middle slits 
of the spectrometer were set at about 0.09 mn 
value that gave a resolution of about 1 my at 3 
my at longer wavelengths). The 


i 


(to 2 to 3 
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standard tungsten-filame nt-in-quart amp and its app 


ctral-response factor of the spectroradiometer 


hen set at the minimum value such that | construction and by heavy traffic [over nearby 
he radiant energy passing through the first | unpaved roads 
ts reached the phototube at all wavelength Usually the data were recorded in the general order 
between 300 and 600 mu illustrated in figure 2, except that each curve was 


operation of the equipment, commercial 
60-evele alternating current was available 
control was assured through interpower 
tions, but voltage fluctuations were very 
probably partly because of heavy and irregular 
onsumption at the nearby plant of the Climax 
denum Co. The voltage changes, however, 
remained within the control limits of a 
voltage regulator that had been incorpo- 
nto the equipment. It was only during a 
emporary power failure that measurements 
nterrupted because of power difficulties 
\leasurements of the spectral radiant energy from 
sun were made at Climax over a period of about 3 
luring September 1951. On each day, except 
ouds interfered, data were taken between 
(0 a.m. and 4.30 p. m. Trees and moun- 
revented observations at earlier or later hours 
mitations, together with the season of the 
mfined the measurements to solar angles 
distances) corresponding to air masses 
about 1.25 and 3.00.2 Snow and _ the 
nying cloudiness interrupted the work on 
lays. During the 3 weeks (September 6 to 
e were three snowfalls, totaling approxi- 
7 in. These not only rendered the air more 
haze and smoke but kept down much dust 
d by temporary public and private road 


\ 


FieurE 2 Re presente lata taken 
employed here refers to the amount of atmosphere traversed 
It is numerically equal to the secant of the zenith angle of 


September 2¢ 
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before next amplifier 
Ordinarily the amplifier was first set at a 
that only the 
wavelengths 


repeated passing on to the 
setting 
high sensitivity 
spectral intensities for 


SCNISLLLVILS ‘ so 
the shorter 
appeared on the chart Succe ssively lower amplifier 
sensitivity settings (7 to 1 
ferent parts of the solar spectrum appeared on the 
the previously recorded 


were made so that dif- 


upper portion of the chart 
values being compressed on the lower part of the 
Usually the small interval of time (about 1 

between records reflected the change in 
solar intensity the small change in 
the sun's zenith distance, or in the air mass. An 
appreciable range of the solar ultraviolet spectrum 
was thus automatically plotted within a very short 
interval of time. This rapid scanning speed, made 
possible by the high sensitivity of the detecting and 
amplifying equipment, Was many times faster than 
that obtainable through the photographic or the 
point-by-point radiometric methods previously em- 
ployed by other observers [4, 21, 25] 

Except for a few days during the early part of the 
work, the temperature within the building surround- 
ing the spectroradiometer and recording equipment 
was maintained at 70° F (plus or minus a few 
degrees). Ordinarily the electronic equipment was 
placed in operation about 30 min or more before data 
in continuous operation 


record 
to 2 min 


resulting from 


were recorded and was left 
until measurements were concluded for the day. As 
a further check on the sensitivity of the electronic 
equipment throughout each day, numerous checks 
were made through the use of a secondary standard 
lamp that could be momentarily placed in front of 
the spectrometer entrance slit 

Since in a lens-prism spectrometer there are a 
number of reflecting surfaces the and 
prism faces) where the transmitted beam is incident 
at angles differing from the normal, a certain amount 
of polarization of the transmitted energy necessarily 
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Fiaure 3 Relative response of the complete equipment as 
affected by light polarization by the siderostat and the spectrom- 


eler 


Polarization factor versus air mass. 


occurs. Furthermore, since there ars 
reflections of the light beam by the side; 
it enters the spectroradiometer, there 
amount and direction of polarization in 
beam. As a result of the combined yp 
the amount of radiant energy reaching 
tube varies as some function of the relat; 
the optical elements of the system. In 
all the optical components, except t) 
siderostat mirror, there was little change jy 
orientations during the measurements at ( 
study was made therefore to determine t) 
by which the transmitted radiant energy w; 

by the combined polarization effects of the 

and spectroradiometer as functions of both 
length and the primary mirror angle. Thy 

this investigation indicated that for wa 
shorter than about 550my the polarizatio; 
were independent of wavelength of incident 
within | percent. An over-all change appro 

10 percent in the transmitted energy oc« 
tween an angular setting of 30° and 150°, thg 
between positions of the sun corresponding 
2.0 in the morning and air mass 2.0 
These data are summarized by thy 


mass 
afternoon. 
in figure 3. 


3. Spectral Solar Energy Curve 


The observations of the solar spectral e 
distribution requires measurements on a soure: 
is rapidly changing in intensity and spectral qu 
The small (sometimes large) fluctuations resulting 
from variations in the transmission characterist 
of the terrestrial atmosphere are largely eliminat 
through making the measurements at a high-altit 
station above most of the dust and smoke comm 
present in the lower terrestrial atmosphere 

Data on the spectral solar radiant energy 
given in table 2 for a single solar zenith angl 
responding to air mass (secant Z)=1.40 for fo 
the days during which extensive series of meas 
ments were made. Mean values for a numby 
selected air masses are given in table 3. Data 
other days during the investigation, and not inclu 
in these tables, differ but little from those emplo 
in the preparation of the tables. Data for sele 
air masses fall approximately on a straight line 
fig. 4) when plotted in terms of the logarithm of 
deflection (intensity) as a function of air mas 
Extrapolating these lines to air mass 0 gives 
logarithms of numbers representing the spectral so 
intensity outside the earth’s atmosphere. fF: 
determinations at about 25 separate waveleng' 
between 300 and 540 muy for each of the 4 days 
proximately 100 determinations) the My factor 
column 7 of table 2 was determined from a smo 
curve passing through a plot of the waveleng 
against the multiplying factors required to giv 
values of the intercepts at air mass 0. Most of | 
data for one day (September 26) employed in t 
evaluation are shown in figure 4. The slopes of thes 
lines define the atmospheric transmission coefficien's 
discussed in greater detail below. 
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AIR MASS 


Determination of the solar nten- 
de the atmosphe re through grapl ing 
thm of the observed data as a function 


solar angle (air mass 


September 26, 195 





adiant ene ray trom the 


tadiant 


Some of the data from table 2 (mean for ai 
1.40 and 0 are shown in figure 5 In order to sim 
the illustration of these data, the wavelengt 
table 2 for air mass 1.40, were chosen so that 
included maxima and minima as well as the points o! 
inflection on the solar energy curve. The dat 
tables 2 and 3) are nominally tabulated in m 


watts per square centimeter per 10 my. They n 
better be represented in terms of 1-, 2-, or 3-mu inter 
vals because the effective slit widths were within this 
range 

The solar-energy curves shown contain numerous 
absorption bands varying in magnitude both 
spectral width and in intensity of absorption 
reference is made to the Rowland maps and wa 
length data [5, 22] and to the Utrecht photomet 
atlas of the solar spectrum [6], it is found that ea 
band results from one or more groups of intensi 
Fraunhofer lines. In table 4, which lists the approx 
imate wavelengths of the principal absorption bat 
as recorded in the present investigation, are alse 
listed the principal elements and diatomic molecules 
responsible for the observed absorption. The wave 
length positions of these absorption bands are 
close agreement with those of the main concentra 
tions of the winged lines [15] in the solar spectrum 
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f energy trom the 





yn of prine ipal Fraunhofer absorption regrons 
und short-wavelength visible portion of the 
und (from the Rowland and Utrecht maps) the 


Jar atmos phere primarily responsible for the 


marked in boldface 


Principal absorbing elements 


Mn, Ali, OH 
Cru, Nit, Tiu 
Tia, Vu 

Tia, Nit 

ria, Tiw, Ce 


Nil 
Feu 
1, Fer 
Feu 
Fe 1 


OH 


Feu, Zru 
H, Tiu, Nii, Cru 
Mnu, Tiu, Nit 
Nir, V u, Seu, Cor 


ris, Tiw 


Nat, 1 


Fe I, 
Fel, Nil 
Fel, Met CN 
Cau, Ali, He 
Ca ll. 


ppears to be the principal ultraviolet absorb- 

erial in the solar atmosphere. In spectral 

ms where some of the other important absorbing 

erials have superimposed Fraunhofer lines—in 

particular, the region between about 340 and 397 

mu, Where Ca 1, NH, CN, and possibly the Balmer 
ntinuum of hydrogen, show strong absorption 

results a spectral region departing significantly 

1e normal black-body curve. There appears 

be little absorption due to Fraunhofer lines and 

ands near 330 my, and at shorter wavelengths much 

ss than in the 336- to 394-my region, because the 

ivelope of the part of the solar spectrum at wave- 

ngths shorter than 330 my is much closer to that 

f the expected 6,000° K black-body curve. 


4. Atmospheric Transmittance and Ozone 


lhe atmospheric transmission curve, depicted in 
gure 6 represents the average data for the 4 days 
nber 16, 17, 19, and 26) covered by tables 2 

In this illustration the logarithm of the 
transmittances of unit atmosphere (at 

for the different wavelengths are plotted as a 
of the wavelength, which in turn is expanded 
ording to the function—(u—1)?A~* of the 
law of molecular scattering, log TrR=—32x° 
\YA-* Hloge. Since for the zenith position 


tense 
prox 
ands Se! I 
als 


] 
Cules 


spheric depth, 7, and the molecular densitVgir mass 


N, are constant, the resulting plot of the logarithm 
of the atmospheric transmittances becomes a straight 
line in those spectral regions wherein the Rayleigh 
law of pure molecular scattering is applicable. In 
the present case, any scattering, other than molecular 
was small and simply has been combined with the 
molecular scattering in giving a straight line of pos- 
sibly slightly ordinates. At wavelengths 
shorter than about 340my ozone absorption enters 
the picture. This results in transmission data that 
drop below the straight line representative of scatter- 
ing alone. The difference in ordinates for any wave- 
length in this region between the straight line and 
the observed data is a measure of the ozone absorp- 
tion for that particular wave length. 

In order to translate optical absorption data in the 
ultraviolet spectral region into specific amounts of 
ozone, absorption coefficients of the pure gas are 
required. In the present case, data given by Fabry 
and Buisson [16] were employed in the calculations 
of the two curves (fig. 6) representing amounts of 
ozone required for a similar amount of optical ab- 
sorption. On the basis of these data, about 0.21 em 
of ozone the time this solar 
investigation was in September 1951 
This value is in close agreement with the average for 


lesser 


nip) was present at 


progress 


the same season of the vear as obtained for a similar 
latitude, Washington, D. C. [17] 

The multiplicity of Fraunhofer absorption bands 
as observed with a prism instrument) in the ultra- 
violet solar spectrum suggests the need of great care 
in using a double-prism instrument such as an ozone 
meter, unless a reasonable region of the spectrum is 
scanned to assure that intensity settings are being 
made on specific wavelengths. A very small change, 
or error, in wavelength calibration may result in the 
shift of the spectrum setting from a Fraunhofer min- 
imum to a Maximum, or vice versa, between two 
absorption regions. On the other hand, a scanned 
spectrum, such as that obtained in the present work, 
offers an ideal method for evaluating ozone, because 
a definite pair of wavelengths may be chosen with a 
definite assurance that no error in wavelength setting 
can be made 
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5. Summary and Conclusions 


This work, although performed under the expected 
difficulties of transporting about 1,200 lb of delicate 
electronic and optical equipment to a more or less 
isolated mountain station and setting it up and 
operating it in a temporary building, demonstrates 
the relative ease with which the ultraviolet spectral 
distribution of the radiant energy from the sun may 
be measured with this equipment. From the data 
obtained, the spectral distribution of the ultraviolet 
(also part of the visible) radiant energy from the 
sun has been determined for various air masses at 
the earth’s surface (altitude 11,190 ft) and for out- 
side the earth’s atmosphere. From the changes in 
spectral intensity as a function of air mass (solar 
angle) the atmospheric transmission coefficients and 
the total atmospheric ozone content have been deter- 
mined. These determinations are in good agreement 
with the best published values. The spectral-energy 
distribution curve shows much greater Fraunhofer 
structure than previously reported data for prism 
instruments. The rapidity of recording assures a 
complete spectrum before marked changes can occur 
in intensity as the result of air-mass change 

The relative ease with which the ultraviolet spec- 
tral distribution of the radiant energy from the suh 
may be measured suggests the use of this type of 
instrument and method for routine use in weather 
and ozone studies and in the determination of the 
radiant-energy spectra of some of the brighter stars 
{23} Photoelectric equipment of this type is at 
least a thousand times as sensitive as the best radio- 
metric apparatus presently available. As limited 
amounts of spectral data have been obtained radio- 
metrically for some of the brighter stars, there ap- 
pears to be no question regarding the feasibility of 
using a photoelectric spec troradiometer in conjunc- 
tion with a large telescope on some of the stars or 
possibly brighter nebulas 

The author expresses his deep appreciation and 
gratitude to Walter O. Roberts and other members 
of the High Altitude Observatory staff for placing 
the facilities of the Climax station at our disposal 
and otherwise rendering assistance to us while there; 
to Norton Baron for helpful assistance in the opera- 
tion of the equipment in the field; to Russell Johnston 
for carrying out many of the tedious calculations 
involved ; and to the personnel of the Optics Division 
of the Naval Research Laboratory for their intense 
interest and other cooperation in the investigation. 
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